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Preface 



The unique behavior of the “liquid state”, together with the richness of 
phenomena that are observed, render liquids particularly interesting for the 
scientific community. Note that the most important reactions in chemical and 
biological systems take place in solutions and liquid-like environments. 
Additionally, liquids are utilized for numerous industrial applications. It is for 
these reasons that the understanding of their properties at the molecular level is 
of foremost interest in many fields of science and engineering. 

What can be said with certainty is that both the experimental and theoretical 
studies of the liquid state have a long and rich history, so that one might 
suppose this to be essentially a solved problem. It should be emphasized, 
however, that although, for more than a century, the overall scientific effort has 
led to a considerable progress, our understanding of the properties of the liquid 
systems is still incomplete and there is still more to be explored. Basic reason 
for this is the “many body” character of the particle interactions in liquids and 
the lack of long-range order, which introduce in liquid state theory and existing 
simulation techniques a number of conceptual and technical problems that 
require specific approaches. Also, many of the elementary processes that take 
place in liquids, including molecular translational, rotational and vibrational 
motions (Trans.-Rot.-Vib. coupling), structural relaxation, energy dissipation 
and especially chemical changes in reactive systems occur at different and/or 
extremely short timescales. Therefore, their examination requires the application 
of a wide range of spectroscopic, diffraction and computational techniques. As a 
result, it is quite necessary to expand and develop further the existing 
experimental, theoretical and computer simulation methods in order to 
understand the properties of liquids more precisely. 

The present period is rather favorable for the research of liquids. A large 
number of sophisticated experimental, theoretical and computer simulation 
methods is already available, yielding valuable information as far as the bulk- 
thermodynamic, structural and dynamic properties of liquid systems are 
concerned. Spectroscopic techniques, such as the X-ray diffraction, synchrotron 
radiation, EXAFS and small angle neutron scattering (SANS), allow the probing 
of the intra and intermolecular structure of molecules in a wide range of wave 
vectors. On the other hand, spectroscopic techniques ranging from conventional 
dynamical spectroscopy (neutron and light scattering, NMR, dielectric and 
vibrational spectroscopy) to ultra short laser pulses, transient grating methods, 
photo acoustic detection, femtosecond spectroscopy etc., the application of 
which is constantly increasing, have produced novel results and opened up new 
directions and trends of research in real time dynamics of molecules, energy 
relaxation, coherent effects, hydrogen bonding and in the time resolution of very 
rapid chemical phenomena in liquids. 

In recent years, the scientific interest has widened, since related subjects 
concerning confined liquids, liquids in biophysics, in biochemistry and in the 
earth sciences have also been included. More recently, a sort of refinement and 
improvement of the liquid state theory (e. g. extended RISM, MF, MMK, DFT, 
etc.), as well as developments characterized by the extension of the simulation 
techniques to incorporate quantum effects on various levels (time-independent 
& dependent quantum simulation methods) have been tested by several 
investigators in a number of laboratories. 

vii 




It is obvious that the extent and diversity of the experimental and theoretical 
efforts required to attain a thorough understanding of the properties of liquids, 
render their study rather laborious and to some extent discouraging for students 
and young researchers. At this stage, scientific meetings and advanced study 
institutes are quite useful since they facilitate, beyond any doubt, the exchange 
of experience between scientists from theoretical and experimental fields of 
research in liquid state. 

The Scientific Affairs Division of NATO has set as one of its aims to 
promote scientific activities, disseminate advanced knowledge and foster 
international scientific contacts through high-level teaching courses. Having as 
guideline previous conferences on the Physical Chemistry of liquid state, 
organized as NATO Advanced Study Institutes (NATO-ASIs) and encouraged 
by the “European Molecular Liquids Group” (EMLG), we thought that the 
above objectives would be met if we managed to attract and bring together 
experts and students interested in the study of problems related to molecular 
liquids. In this spirit, a NATO-ASI on the Physical Chemistry of liquid systems, 
entitled “Novel Approaches to the Structure & Dynamics of Liquids: 
Experiments, Theories and Simulations”, was held at the hotel Esperos Village 
(Congress Venue) & Esperides, Rhodes, Greece, from September 7 to 15, 2002. 
The ASI was organized by Assoc. Prof. J. Samios (awarded co-organizer & 
chair, Athens-Greece), assisted by Prof. VI. A. Durov (NATO partner country, 
awarded co-organizer & vice-chair, Moscow-Russia). 

The NATO-ASI at Rhodes was planned as an advanced school with 
seminars and various sessions aiming at graduate students, postdoctoral fellows 
and researchers, who either enter the field or wish to update their knowledge on 
the most recent developments in the area of the liquid state. As stated in the title 
of the meeting, the course of the ASI was organized in such a way as to offer an 
equally extensive coverage of the three broad areas of interest, namely 
"‘experimental techniques'"', “analytical theory" and “computer simulations" . 

In general, the primary aim of this ASI was threefold: (a) to offer in a series 
of lectures, seminars and hands-on computer exercises and workshops a broad 
overview of the experimental-theoretical and simulation techniques (e.g. 
training on tools and new software for computer simulations) available today for 
the study of liquids, (b) to offer extensive and state-of-the-art reviews 
concerning the progress made in the three aforementioned fields and to discuss 
problems that need specific experimental and theoretical investigation and (c) to 
encourage and promote collaborative research projects between groups of 
researchers who share common problems from all three areas of research, as 
advocated by the “European Molecular Liquid Group” (EMLG). In this context, 
morning and early afternoon sessions were devoted to full, one-hour lectures, 
with the shorter and more specialized ones inserted at the end of the afternoon 
session. 

A third series of lectures and seminars, designed to cover basic aspects and 
techniques and aiming at graduate students in particular, were delivered before 
dinner. A number of them were accompanied by hands-on experiments on a 
computer network, installed for this purpose, in a room very close to the 
conference hall. The computer seminars gave the students the opportunity to 
carry out small projects (e.g. quantum mechanical & computer simulations) by 
using not only the local computers, but also the computing facilities in other 
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countries as well. At this point, we should have to acknowledge the valuable 
help of Dr D. Dellis (Athens-Greece) who prepared the educational computer 
projects on the simulation techniques and Assist. Prof. A. Koutselos for his 
assistance on several aspects of the meeting. Also, a poster session was 
organized with more than 100 entries and with topics that covered a broad 
variety of experimental techniques, as well as theoretical and computer 
simulation methods. Prominent scientists and researchers in the field, having 
put, in first place, an emphasis on the educational aspect of their lectures, 
presented their impressive work before an international audience. In this 
manner, it was possible for young participants to interact extensively with 
scientific leaders in the field. 

At this ASI we had the opportunity to come in contact and discuss new 
advances in the study of liquid state phenomena. The topics of the presentations 
were devoted to novel approaches of problems related to the structural and 
dynamic properties of systems ranging from simple molecular liquids to 
complex systems, such as extremely anisotropic molecules, aqueous and non- 
aqueous solutions, ionic fluids and solutions, liquids in porous materials, 
polymers, polymer mixtures and solutions as well as membranes and proteins in 
polar solvents. The advances made in complex liquids have been stimulated by 
the fact that they play an important role in various chemical and technological 
processes and in biological systems. In general, considerable attention was 
devoted to the study of the effects the molecular interactions have on various 
simple and collective processes in liquid systems. A particularly interesting 
aspect of this ASI was the contribution, in terms of experience and ideas, of 
researchers working on classical and quantum molecular simulation techniques. 
Special attention was also given on the most recent developments in the 
Statistical-Mechanical analytical techniques and in their implementation in the 
study of complex fluids and critical phenomena. A considerable part of the 
scientific program was devoted to lectures with main emphasis in recent 
developments and advances of experimental techniques. Studies concerning 
effects of the solute-solvent interactions on translational, rotational and 
vibrational molecular motions and on the inter- intra-molecule structural 
changes in specific solutions were also presented and critically discussed. 

It is generally recognized that the aims of this summer school have been 
fulfilled. The present NATO-ASI book contains all main lectures, as well as 
some selected shorter contributions that were presented in the meeting. The 
contents of this volume address the results of this ASI since they cover recent 
developments in the three areas of current research in liquid state. The Editors 
would like to thank all contributing authors for the systematic and careful 
preparation of their articles. Finally, it is a great pleasure to thank all the 
participants of the meeting who have significantly contributed to the success of 
this NATO-ASI at Rhodes. 



Jannis Samios (Chair) 
(Athens-Greece) 

Vladimir A. Durov (vice-Chair) 
(Moscow-Russia) 
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INTERMOLECULAR INTERACTIONS AND COOPERATIVE 
EFFECTS FROM ELECTRONIC STRUCTURE 
CALCULATIONS: AN EFFECTIVE MEANS FOR 
DEVELOPING INTERACTION POTENTIALS FOR 
CONDENSED PHASE SIMULATIONS 

SOTIRIS S. XANTHEAS 

Chemical Sciences Division, Pacific Northwest National Laboratory, 906 Battelle Boulevard, 
PO Box 999, MS K1 -83, Richland, WA 99352 U.S.A. 



I. INTRODUCTION 

The modeling of the macroscopic properties of homogeneous and inhomogene- 
ous systems via atomistic simulations such as molecular dynamics (MD) or Monte 
Carlo (MC) techniques is based on the accurate description of the relevant solvent- 
solute and solvent-solvent intermolecular interactions. The total energy ((/) of an n- 
body molecular system can be formally written as [1,2,3] 

^ ~ ^\-body ^2-body ^i-body “b ^k-body “b ••• "b ^n-body (1) 

For simplicity, we will furthermore assume that U is evaluated as the energy dif- 
ference with respect to the energies of the isolated molecular constituents (or “bod- 
ies”) at infinite distances between each other, which can be conveniently chosen as 
the zero of the energy scale. Then, Uubody represents the energy penalty (or defor- 
mation) due to the change of the individual intramolecular geometries of all bodies 
from their gas phase values due to their mutual interaction. Because of the fact that 
this term can be relatively small, especially for systems exhibiting weak intermo- 
lecular (solvent-solvent and solute-solvent) interactions, it is often not taken into 
account [4]. However, for systems like negative ion- water clusters it can exceed 5 
kcal/mol [4,5]. Even for molecular systems exhibiting weak intermolecular interac- 
tions, this term does describe a physical effect that has a distinct spectroscopic sig- 
nature manifested experimentally by the shift of the individual infrared (IR) bands of 
the interacting molecular constituents from their isolated gas phase values. As a 
typical example, in the water dimer the deformation energy is --0.04 kcal/mol as a 
result of typical changes of '^0.07 A in the bond lengths and 0.4° in the bond angles 

[6] from the gas phase monomer values. These internal geometry changes induce a 
measured red shift of 155 cm’^ for the hydrogen bonded OH stretching frequency 

[7] . The deformation energy is larger for liquid water and ice as a result of the larger 
changes in water’s internal geometry (0.972/1.008 A for the bond lengths and 
106.6/109.5° for the bond angles for liquid water [8]/ice[9], respectively) from the 
experimental gas phase monomer values [10] of 0.957A and 104.52°, a fact that in 
turn induces larger red shifts for the OH stretches [11]. 
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The second term in the many-body expansion (1) is the energy of all the combi- 
nations of the constituent dimers, 



n-\ n 
/=! j>i 



( 2 ) 



where 

^^E(ij) = E{i^)-{E{i)+E(J)}, (2a) 

the third term is the energy of all the trimers 

n=2 n-\ n 
/=! j>i k>j 



where 

a'£-(//^)= Em - \E{i) + E{j)+E{k)} - {A'£(//) + a'£(/^) + A'£(,/A'}| (3a) 

and so on. The 1- and 2-body terms constitute the additive, whereas the 3-body and 
higher terms constitute the non-additive components of the many body expansion. 

Given the form of the many-body expansion (1) the question naturally arises of 
ways to evaluate the energy U for each nuclear configuration. This is usually done 
via 

(i) a brute force approach during which the total energy U is obtained from 
electronic structure calculations with (semi-empirical) or without {ab- 
initio) adjustable parameters or 

(ii) a step-by-step approach during which the individual pieces of the many- 
body expansion (1) are evaluated from a chosen function that describes 
the interactions between the various constituents. 

The first approach offers the advantage of including the electronic degrees of 
freedom (different states) and can therefore describe reactions during which chemi- 
cal bonds are broken and new ones are formed, it is in principle more accurate pro- 
vided that the chosen level of electronic structure theory is adequate for the problem 
at hand but suffers from the large computational expense which currently makes it 
impractical for simulations of macroscopic systems with realistic choices of simula- 
tion times and large periodically repeated unit cells. The second approach is compu- 
tationally more tractable but is usually less accurate with respect to the first one. 

Important issues that are associated with the previous discussion consist of the 
accuracy of the electronic structure methods, the order of the convergence of the 
many-body expansion and the choice of the functional forms that are used to de- 
scribe the intermolecular interactions. In the following we will present brief over- 
views of these issues and use the interactions in water as an example to further dis- 
cuss their significance. 



2. SYSTEMATIC CONVERGENCE OF BINDING ENERGIES 
FROM ELECTRONIC STRUCTURE CALCULATIONS 

The binding energy of an assembly of n bodies is defined as 
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A£ = E{ijk.„n)-{E{i) -^EiJ)- E{k)-.„ - E{n)} (4) 

where E(ijk...n) is the energy of the system at its equilibrium position and E(i) the 
corresponding energy of fragment i at its isolated equilibrium geometry, obtained as 
solutions of the non-relativistic Schrodinger equation. It has been previously shown 
[2,6] that the Hartree-Fock (HF) level of theory underestimates the binding energies 
of weakly bound (~ 5 kcal/mol or less) hydrogen bonded systems and produces in- 
tramolecular distances that are too large with respect to experiment. Among the 
various methods that incorporate electron correlation [12] and are based on the HF 
wavefunction, the Moller-Plesset perturbation [13] theory (MP2, MP3, MP4) and 
coupled-cluster [14] based [CCSD, CCSD(T)] methods have been previously re- 
ported to yield accurate binding energies for small hydrogen bonded clusters [15]. 
A recent study [16] of the binding energies of the first few water clusters aj= 2-6 fur- 
thermore suggested that the MP2 binding energies are within <0.5% from the ones 
obtained at the CCSD(T) level of theory. Although the difference between MP2 and 
CCSD(T) can be larger for other hydrogen bonded systems (such as 2% for the HF 
dimmer [15,17]), the suggestion of initial calculations at the MP2 level with subse- 
quent ones at the CCSD(T) level of theory seems to provide a realistic approach 
towards obtaining accurate estimates of the binding energies of hydrogen bonded 
systems. 

Coupled to the expansion of the level of theory to better describe electron corre- 
lation is the necessary expansion of the one-electron orbital basis set to better de- 
scribe the radial and angular parts of the electronic wavefunction. Among the nu- 
merous basis sets that have been developed based on different philosophies [18], the 
family of correlation consistent basis sets of Dunning and co-workers [19] clearly 
provides a systematic avenue towards reaching this goal. These sets were con- 
structed by grouping together all basis functions that contribute roughly equal 
amounts to the correlation energy of the atomic ground states. In this approach 
functions are added to the basis sets in shells. The sets approach the complete basis 
set (CBS) limit, for each succeeding set in the series provides an ever more accurate 
description of both the atomic radial and angular spaces. It has been previously 
found that, for hydrogen bonded dimmers [17,20], the family of correlation consis- 
tent basis sets that is augmented with additional diffuse functions in order to better 
describe the atomic negative ions (aug-cc-pVjcZ, jc=D, T, Q, 5, 6) provides a faster 
convergence to the CBS limit when compared to the plain (non-augmented) cc- 
pVxZ sets. A caveat of the interplay between the level of electronic structure theory 
and the size of the orbital basis set towards obtaining the “correct answer for the 
right reason” has been recently emphasized [21]. 

In the calculation of the binding energies of weakly bound complexes it has been 
argued [22] that due to the fact that the size of the basis sets used in practice are fi- 
nite, the basis functions on each fragment help lower the energy of a neighboring 
fragment and vice versa. Correction for this effect, which is termed Basis Set Su- 
perposition Error (BSSE), is usually estimated via the function counterpoise (fCP) 
method [23] of Boys and Bemardi. In this method, the (BSSE-uncorrected) binding 
energy of a dimer consisting of two fragments A and B is 

^E= ( 5 ) 

where {M) corresponds to the energy of a molecular system M at geometry G 
computed with basis set cr. The BSSE-corrected binding energy AE(BSSE) is [4] 
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AEIBSSE) = e:/(.AB)-E^\A)- e:;\B)+E‘JA)+E^(B) 

where 

Er^{A)^E:,(A)-E°M) (7al 



Et,(B) = E>,(B)-E>(B) 

are the fragment deformation energies, i.e. the energy penalty associated with the 
distortion of the molecular constituents from their isolated geometries to the ones 
they assume in the cluster. Equation (6) can be recast with the help of equations (5) 
and (7a)-(7b) as 

^E{BSSE) =AE- {E:'^\A) - E°,{A ) } - {E°^\E) - E^,,iB)} , ( 8 ) 

suggesting that Ai^ and diE{BSSE) do converge to the same value at the CBS limit 
since, at this limit, the term in the brackets is zero. The problems arising from the 
omission of the fragment deformation energies from the calculation of lsJE{BSSE) 
especially when large basis sets are used has been previously discussed [4]. The dif- 
ference between the uncorrected and BSSE-corrected binding energies therefore 
provides an estimate of the basis set incompleteness. The variation of the binding 
energy of the NH3-H2O dimer at the MP2 level of theory with the aug-cc-pVxZ sets 
(jc=D, T, Q, 5) is shown in Figure 1. It is seen that the difference between the uncor- 
rected and BSSE-corrected binding energies is approximately halved upon increas- 
ing the cardinal number x of the basis set, i.e., going from x to jc+1. Even with the 
aug-cc-pV5Z set the correction amounts to 0.12 kcal/mol at the MP2 level. 

The smooth variation of the binding energies with the cardinal number x allows 
for a heuristic extrapolation of the binding energy with jc. It should be noted that this 
extrapolation, for this case performed using the polynomial [24] 

+ y + 1 )^ + + 1 / ( 9 ) 

where the value of the highest angular momentum function in the basis 

set, /, S, and ISlEcbs (the CBS limit) are constants determined by a least-mean- 
squares fit, only results in an improvement of <0. 1 kcal/mol with respect to the best 
computed values with the largest aug-cc-pV5Z. Indeed with this basis set the uncor- 
rected and BSSE-corrected binding energies are -6.56 and -6.44 kcal/mol, respec- 
tively, whereas the CBS limit is -6.51 kcal/mol. 

It should be once again emphasized that the extrapolation process is a heuristic 
approach that is based on the graphical inspection of the results rather than a formal 
mathematical formulation and as such has spurred several suggestions as to the 
choice of the functional form used in the extrapolation process (see Reference [25] 
for a recent account). 

Figure 1 nevertheless illustrates the importance of performing accurate electronic 
structure calculation in order to quantify the two-body interaction. For instance, the 
use of the aug-cc-pVDZ set overestimates the two-body ammonia-water interaction 
by 7%. 
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Figure 1. Variation of the MP2 binding energy of the NH3-H2O dimer with the family of 
augmented correlation consistent basis sets of double through quintuple zeta quality. 



3- MAGNITUDE OF MANY-BODY, NON-ADDITIVE INTERAC- 
TIONS 



Provided that the many-body interaction terms can be quantitatively determined 
from high level electronic structure calculations, it is desirable to assess the order of 
convergence of the many-body expansion [eq. (1)], i.e., the importance of the 3- 
body, 4-body and higher terms. This is achieved by examining the energetics of the 
larger (n>2) clusters and performing the decomposition of their binding energies 
according to eq. (1). The effect of BSSE in the evaluation of the many body terms is 
straightforward [2]. 

The enumeration of the many-body terms corresponds to a combinatorial prob- 
lem as for a cluster of size n the energies of all monomers, dimers, trimers etc need 
to be computed. Since the number of ways of choosing m molecules from a collec- 
tion of n is 



m) \n-m) m\{n-m)\ 



( 10 ) 



and furthermore 




( 11 ) 
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one needs to perform (2"-l) calculations in order to evaluate the 1-, 2-, «-body 
terms of a cluster of n molecules. This process can be quite tedious (>1,000 terms 
for a cluster with 10 molecules) especially if no symmetry is present. 

The application of the energy decomposition scheme for the first few global and 
local minima of the «=3-6 water clusters [26] has been used to quantify the magni- 
tude of the non-additive interactions as well as their variation with the geometry and 
the hydrogen bonding network. The percentage contributions of the 2-, 3- and 4- 
body terms are listed in Table 1 for the various hydrogen bonding networks of the 
global and local cluster minima, which are shown in Figure 2. The calculations have 
been performed at the cluster geometries optimized at the MP2 level of theory with 
the aug-cc-pVDZ basis set and the energy decomposition includes corrections for 
BSSE for the individual terms. It is found that the two-body term is the dominant 
one contributing 70-80% to the corresponding binding energies of the hexamer clus- 
ters. The next most important contribution comes from the three-body term which 
amounts to 20-30% for the various hexamer isomers while the four-body term is 
quite small (<4%) and higher order terms are insignificant (<0.5%). 

Table 1. Percentage contribution of the two-, three- and four-body terms to the binding ener- 
gies in the various networks of the (H20)„, «=3-6 clusters. Repulsive contributions are indi- 
cated by (R) and are responsible together with the relaxation terms in producing two-body 
components that exceed 100%. 



Cluster 


Network 


Two-body 


Three-body 


Four-body 


Trimer 


{da, da, da) 


85.1 


17.7 






{a,dd,a) 


106.7 


5.6 (R) 






{d,aa,d) 


104.6 


3.9 (R) 




Tetramer 


{da, da, da, da) 


763 


25.6 


2.2 




Cage 


87.3 


16.5 


0.6 (R) 




{aa,dd,aa,dd) 


109.2 


9.6 (R) 


0.7 




{aa,da,dd,da) 


106.8 


4.5 (R) 




Pentamer 


{da, da, da, da, da) 


71.8 


28.6 


3.7 




Cage 


80.4 


23.1 


1.3 


Hexamer 


Prism 


80.3 


22.8 


1.5 




Cage 


79.9 


23.2 


1.2 




Book 


75.6 


26.1 


2.5 




{da,da,da,da,da,da) 


69.5 


29.7 


4.4 
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Figure 2. Geometries of the various water cluster minima (H20)„, n-3-6. The hydrogen bond- 
ing network is denoted as (c/)=donor, (a)=acceptor to neighbors and their combinations. The 
magnitude of the 3-body term (in kcal/mol) is listed in parentheses. 

These results furthermore suggest that purely 2-body interaction potentials de- 
rived from the water dimer potential energy surface will result in errors exceeding 
20% for clusters whereas 2- plus 3 -body empirical potentials that are parameterized 
from the dimer and trimer potential energy surfaces will be more accurate, being in 
error of just 4% or less for the minimum energy configurations of these clusters. 
The results of Table I and Figure 2 furthermore indicate that the magnitude of the 3- 
body term depends both on the cluster geometry [27] as well as the nature of the 
hydrogen bonding network [28]. For instance, for the global “ring” minimum of the 
water trimer in which all 3 water molecules act as simultaneous donors-acceptors 
(da) to neighbors, the 3 -body term is attractive and amounts to -2.5 kcal/mol or 
17.7% of the total cluster binding energy. However, for the higher lying “open” 
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trimer minima which exhibit {a,dd,a) and {d,aa,d) configurations, the three-body 
term is repulsive amounting to +0.5 and +0.3 kcal/mol (or 5.6% and 3.9%) respec- 
tively. 

A quantitative account of the variation of the magnitude and sign of the three- 
body term with the cluster geometry and the variation of the hydrogen bonding net- 
work is a prerequisite in the development of explicit three-body potentials that are 
used to model the structures and energetics of these systems. 

4. MODELING OF INTERMOLECULAR INTERACTIONS USING 
EMPIRICAL POTENTIALS 

It is obvious that many choices exist as to the way that the many-body expansion 
[eq. (1)] is approximated with a chosen function of the atomic coordinates of the 
molecular constituents. The simplest way is to approximate the many-body expan- 
sion with an effective two-body interaction term that incorporates the many-body, 
non-additive (3-body and higher) terms in an average manner. This choice results in 
“effective pair potentials” (i.e. the TIP4P pair potential [29] for water). It is readily 
realized that such an effective pair-wise interaction should not be parameterized 
from the corresponding dimer potential energy surface as it effectively contains 
pieces of the higher order terms in an average manner. The effective pairwise addi- 
tive interactions are usually fitted to macroscopic thermodynamic data. Provided 
that the many-body expansion [eq. (1)] converges to a low order (i.e. the 3-body), 
then analytic expressions for the 2- and 3-body terms can be derived from the corre- 
sponding dimer and trimer cluster potential energy surfaces as has been previously 
reported for the case of HF [30]. In this case the construction of an empirical 3-body 
functional form will require sampling of the trimer potential energy surface in 12 
intermolecular degrees of freedom (Euler angles and center-of-mass distances), even 
if the intramolecular degrees of freedom are excluded by assuming rigid monomers. 

An improvement over the simpler pair-wise additive potentials consists of the 
use of multipole expansions of the charge density (charges, dipoles, quadrupoles) 
with associated polarizabilities and hyperpolarizabilities. The non-additive many- 
body energy terms arise from the response to a dipolar [31] or higher moment fields 
[32]. Some models in this category utilize point polarizabilities [33] whereas others 
extend to distributed ones [34,35,36]. Polarizable models allow for the change in the 
moments of a molecule due to its interaction with the neighbors. Figure 3 shows the 
variation with cluster size of the total (permanent + induced) molecular dipole mo- 
ment in water clusters «=2-20 with the TTM model [36]. It should be emphasized 
that the individual molecular dipole moment in a cluster is not an observable, only 
the total dipole moment of the cluster is. It has been shown that different schemes 
based on partitioning the charge density obtained from electronic structure calcula- 
tions can lead to widely different values for the molecular multipoles in a cluster, 
indicating how arbitrary their definition is [37]. However, within a polarizable em- 
pirical potential framework, these are used to account for the non-additive compo- 
nents of the intermolecular interactions. The fact that the pairwise additive poten- 
tials can be thought of describing implicitly the non-additive components is mani- 
fested by the fact that they are associated with a permanent constant dipole moment 
whose value is larger than the isolated molecule value (i.e., 2.18 Debye for the 
TIP4P model, compared to 1.855 Debye for the isolated molecule). 
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Figure 3. Variation of the total (permanent + induced) dipole moment (in Debye) of individ- 
ual water molecules in water clustes «=2-20 with the TTM model. The value for ice Ih is also 
indicated. 

Some of the most sophisticated emprirical models by Stone and co-workers [35] 
describe the interaction between water molecules as the sum of electrostatic, induc- 
tion, charge-transfer, dispersion and short-range repulsion terms. The long range 
electrostatic energy is expressed in terms of multipoles distributed on the oxygen 
(charge, dipole and quadrupole) and hydrogen (charge, dipole) atoms, respectively 
[38]. The induction interaction is modeled using one-site polarizabilities up to quad- 
rupole-quadrupole on the oxygen atom. Charge transfer terms are included via an 
atom-atom functional form involving the four oxygen-hydrogen pairs and evaluated 
from intermolecular perturbation theory calculations on the dimer. The short-range 
repulsive energy is described using an exponential site-site function (both isotropic 
and anisotropic terms). Finally the dispersion energy is accounted either using 
Tang-Toennies damping functions or with a site-site model. This potential encom- 
passes over 70 parameters and has not yet been used for liquid simulations. A recent 
review [39] provides a useful overview of the developed empirical potentials for 
water. 

5, USE OF THE RESULTS OF AB-INITIO CALCULATIONS IN 
THE PARAMETRIZATION OF EMPIRICAL POTENTIALS 

Many intermolecular potentials for water are built empirically (i.e., their parame- 
ters are fitted to macroscopic thermodynamic data) although there have been previ- 
ous attempts to use the results of electronic structure calculations in order to fit em- 
pirical interaction potentials for water. Most notable effort is probably the develop- 
ment of polarizable models by dementi and co-workers (N(jc [40] and NCC-vib 
[41] potentials), with other parallel efforts such as the NEMO potential [42] and the 
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various anisotropic site (ASP-W, ASP-W2 and ASP-W4) potentials of Stone and 
co-workers [35]. 

We have recently followed the roadmap outlined so far in this study in order to 
parameterize a polarizable interaction potential for water from first principles elec- 
tronic structure calculations. The philosophy is based on Thole’s method for predict- 
ing molecular polarizabilities usind smeared charges and dipoles [43]. The rigid ver- 
sion of the interaction potential is a 4-site model having smeared dipoles on the 
atomic sites and smeared charges of 0.574 e' on the hydrogen atoms and 1 . 148 e' at a 
distance d=025 A away from the oxygen atom along the bisector of the HOH angle. 



A A 




O 



Figure 4. TTM model for water 



The OH bond lengths are fixed at 0.9572 A and the HOH angle at 104.52°. The 
gas phase molecular permanent dipole is 1.853 Debye. The only intramolecular 
contributions arise from the atomic dipole-dipole interactions. We used Thole’s 
method for expressing the dipole tensor in terms of the ‘‘reduced distance” = 
rij/(aiai)‘^^, where ttj, aj are the corresponding polarizabilities. Among the many 
choices proposed by Thole for the charge density we used 



A'*) = expj 
A Atc 



( 



-a 




( 12 ) 



where and aj, aj are the atomic polarizabilities of atoms / and 7 , respec- 

tively, and a =0.572 is the dimensionless width parameter parametrized for this den- 
sity = 0.572). The total interaction is written as 



^,01 - ^ pair + + ^pol 

where 



U . = 

pair 





(13) 

(14) 



^elec ^cbatge-charj^e ^ charge- dipole ^dipote -dipole 



(15) 



U. 



pol 



_ \ II 



/=i 



2a, 



(16) 
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are the pair, electrostatic and polarization components, respectively, D\ is the dipole 
and ai the polarizability of atomic site /, Ci, Cj and C 3 are constants and the sums 
are over N atoms in the system. 

The initial parametrization (TTM) of the model [36] was based on about 15 
points of the water dimer potential energy surface which were obtained at the MP2 
level of theory with the aug-cc-pVQZ basis set. The contributions from 
Uei^c ■*" ^poi determined by the partial charges and atomic polariza- 

bilities. We determined by assuming that the only other contribution to the 
energy comes from a pair-wise additive oxygen-oxygen interaction and fitting to the 
MP2 data for the dimer, i.e., = Uf^p 2 - {Ueiec ^poi) the functional 

form eq. (14) for . Recognizing the fact that the 2-body interaction is the most 
difficult to converge [44] we subsequently refitted [45] the pair interaction to scaled 
MP2/CBS-quality energy differences along symmetry-constrained minimum energy 
paths (MEPs) of the water dimer potential energy surface as a function of the 0-0 
separation corresponding to the approach of the two water molecules along Cg, Q 
and C 2 V symmetries as shown in Figure 5 [46]. The resulting new version of the 
model is denoted as TTM2-R (R for rigid). 




R(O-O), A 



Figure 5. Symmetry constrained MEPs on the water dimer PES. 

At the same time, using the methodology outlined in Section 2 we have estab- 
lished [16] for the first time accurate binding energies for the water trimer through 
pentamer global ring minima and four low-lying hexamer isomers (cage, prism, 
book, cyclic S^) from first principles electronic structure calculations. These are - 
15.8 kcal/mol (trimer), -27.6 kcal/mol (tetramer), -36.3 kcal/mol (pentamer), -45.9 
kcal/mol (prism hexamer), -45.8 kcal/mol (cage hexamer), -45.6 kcal/mol (book 
hexamer) and -44.8 kcal/mol (ring hexamer). Effects of higher correlation, esti- 
mated at the coupled cluster plus single and double with a perturbative estimate of 
the triple excitations [CCSD(T)] level of theory, as well as inclusion of estimates for 
core-valence correlation suggest that these estimates are accurate to within 0.2 
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kcal/mol. This task was deemed necessary in order to be able to assess the accuracy 
of the developed empirical model in the absence of experiemental measurements for 
the cluster energetics. 



Table 2. Binding energies of water clusters n=2-6 with the various models and comparison 
with theMP2/CBS results. 



N 


RWK2 


DC 


ASP- 

W 


ASP- 

VRT 


ASP- 

W4 


TTM 


TTM2- 

R 


MP2/CBS 


2 


-6.14 


-4.69 


-4.68 


-4.91 


-4.99 


-5.33 


4.98 


4.98 


3 cyclic 


-15.23 


-13.34 


-14.81 


-15.65 


-15.49 


-16.68 


-15.59 


-15.8 


4 cyclic 


-27.84 


-23.95 


-24.32 


-25.93 


-26.97 


-28.57 


-27.03 


-27.6 


5 cyclic 


-36.22 


-31.80 


-30.88 


-33.52 


-35.09 


-37.91 


-36.05 


-36.3 


5 cage 


-36.30 


-31.06 


-32.65 


-34.77 


-35.23 




-34.75 


-35.1 


6 prism 


-46.89 


-40.97 


-42.54 


-45.90 


-47.06 


-48.54 


45.11 


45.9 


6 cage 


-47.28 


-40.76 


-43.31 


-45.00 


-45.86 


-48.91 


45.65 


45.8 


6 book 


-46.39 


-40.38 


-40.48 


-43.44 


-45.00 


47.73 


45.14 


45.6 


6 cyclic 


-43.86 


-39.34 


-37.58 


-41.09 


-43.36 


46.48 


44.28 


44.8 


RMS 

Error 


0.93 


4.25 


3.99 


1.18 


0.80 


1.89 


0.43 





It is readily seen that the fit to the scaled dimer energies produces cluster results 
that are in much better agreement with the MP2/CBS limits as seen from the results 
of Table 2. The rms error with the TTM model is 1.89 whereas the one with the 
TTM2-R is reduced to 0.43. The agreement of the TTM2-R cluster energetics with 
the MP2/CBS results is even better than the more sophisticated ASP-W4 anisotropic 
site potentials. This result justifies the use of more accurate dimer energetics in the 
fit of the 2-body interaction. 

Furthermore the newly developed TTM2-R model produces accurate second 
virial coefficients over the measured temperature range [47], radial distribution fiinc- 
tions (RDFs) that are in excellent agreement with experiment [45], as can be seen 
from Figure 6, as well as a value of 2.21x10’^ cmVsec for the difl^sion coefficient 
compared favorably with the experimental value of 2.3x10'^ cmVsec. Some addi- 
tional macroscopic properties for liquid water and ice are contained in reference 45. 
We have finally extended the parametrization of the model to incorporate in- 
tramolecular flexibility (TTM2-F, F for flexible) [48] and we are currently in the 
process of performing additional liquid water simulations to compute more macro- 
scopic properties with the two models. 
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Figure 6. Liquid water 0-0 Radial Distribution Function with the TTM2-R model. 



6. CONCLUSIONS 

The results presented in this study justify the use of high level electronic struc- 
ture calculations in the development of empirical models used to describe intermo- 
lecular interactions. The use of systematically improvable methodological ap- 
proaches together with new developments in software and hardware provide a route 
to the calculation of accurate PESs of molecular systems. In the absence of experi- 
mental data quantifying the molecular interactions, this approach provides indispen- 
sable and currently irreplaceable information needed for the development of accu- 
rate interaction potentials. To this end, theory can provide a usefhl and in most 
cases necessary complement to experiment. 
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Abstract: Models of structure and properties of liquid mixtures have been outlined. Main 

attention is given to the extended quasichemical approach for modeling su- 
pramolecular ordering in mixtures, selforganized by H-bonds and unified de- 
scription of their physicochemical properties. Models of polyvariable su- 
pramolecular species as regard to structure and composition, taking in account 
the cooperativity on H-bonding, as well as the methods for describing their 
structure, composition, electric (dipole moment), and optic (polarisability) 
properties are developed. Interrelations between thermodynamic functions 
(Gibbs energy, enthalpy, entropy), dielectric (permittivity), and optic (refrac- 
tive index and its fluctuation derivatives, determining Rayleigh light scatter- 
ing) properties of mixtures, and microscopic characteristics of aggregates are 
analyzed. The methods for obtaining both the integral and differential parame- 
ters of aggregation are developed, applicable for structural study of the long 
range molecular correlations, including siqiramolecular aggregates of 
nanosizes. Models of the media with internal parameters of different nature 
and tensor dimension have been outlined. Backgrounds for their application to 
study dynamic processes of the supramolecular reorganization, intramolecular 
transitions, and energy transfer, as well as fluctuation and relaxation phenom- 
ena are considered. Fluctuation and relaxation contributions of internal pa- 
rameters to both equilibrium and kinetic properties and Rayleigh ratio of mix- 
tures were established. The applications to individual liquids and mixtures are 
illustrated. New data on the structure of aggregates and thermodynamics of 
their formation were obtained. Supramolecular assemblies in liquids with the 
long range molecular correlations were revealed. Macroscopic manifestations 
of the supramolecular organization in physicochemical properties of liquids 
are discussed. 

Key words: Liquids; Mixtures; H-Bonds; Aggregates; Extended Quasichemical Models; 

Thermodynamics; Permittivity; Fluctuations; Rayleigh Light Scattering; In- 
ternal Variables; Molecular Thermal Motion; Kinetic Phenomena; Su- 
pramolecular Organisation; Long Range Molecular Correlations 
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1. INTRODUCTION 

Development of the theory of liquids is based upon investigations of their struc- 
ture, molecular interactions, and dynamic processes proceeding during the molecular 
thermal motion. An increasing role of investigations of liquids by combining the 
methods, as well as the molecular design of liquid materials require approaches for 
analyzing and predicting macroscopic properties on the basis of a general concept. 
The main goal of the liquid theory is connection between microscopic properties of 
molecules and their interactions to structure and macroscopic properties of liquids. 

First, we are interested is the intermolecular potential. In fact potentials being 
applied are the model ones. In quantum-mechanical calculations the result depends 
on the level of the calculation, e.g., Hartree-Fock approach, many configuration ap- 
proach, perturbation theory, and then the results obtained are further simplified, e.g., 
an atom-atom representation of the intermolecular potential. [1]. 

The main subject of the paper is the models applied both to describing structure 
and properties of liquids and dynamic processes proceeding in them. Last years there 
is an growing interest in studying thermodynamics and kinetics of aggregation due 
to noncovalent intermolecular forces and its manifestations in macroscopic proper- 
ties of matter. The aggregation phenomena are important in phase transitions, glass 
formation, nucleation phenomena etc., and in the interdisciplinary fields of science 
like theory of selforganisation of a matter and synergetics [2-4]. This problem is 
related to constructing devices based on the microscopic properties of aggregates. 
The main progress has been achieved for crystal solids where structure and proper- 
ties of aggregates may be characterized quite definitely [5]. 

The situation for liquids is much more complicated due to the temporal mobility 
of the structure during the molecular thermal motion. Various labile aggregates may 
be realized in liquids, and their structure and properties are being changed under 
variation of the thermodynamic conditions. Main attention is given to the local or- 
dering inside the nearest coordination shells, and thus in general the role of the long 
range molecular correlations for structure and properties of liquids is not quite rec- 
ognized [6-13]. 

Molecular liquids represent the promising object for studying structure and mo- 
lecular thermal motion. The structural, thermodynamic and kinetic features of proc- 
esses occurring in the molecular liquids represent the elementary stages to more 
complex systems, hierarchically e.g., liquid crystals, polymers, micelles and mi- 
croemulsions, colloids, and biological systems. Mixtures with hydrogen bonds, 
which are the attractional directed molecular interactions intermediate between the 
chemical bonds and the van der Waals forces, present the attractive object to study 
supramolecular ordering, because aggregates polyvariable both in structure and 
composition may be expected in them. 

2. ON DESCRIPTION OF LIQUID STRUCTURE 

As to the principal direction for mixture modelling first statistical-mechanical 
theory and the simulation methods may be mentioned, where the physical language, 
based on the correlation functions {s = 2,3,. ..,A0, determining the probabilities of 
the spatial configurations of particles has been applied [14-16]. A binary function 
P^ 2 (R) = g(R) plays the central role because, first, the thermodynamic functions are 
expressed in terms of it, and second, it can be studied by the diffraction techniques. 
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Many approaches have been proposed for calculation of radial function e.g., 
Bom-Bogolubov-Green-Kirkwood-Ivon chain of the integrodifferential equations, 
Omstein-Zemicke integral equation (Percus-Yevick’s and hyperchain equations cor- 
responding to different closures of Omstein-Zemicke equation), and then perturba- 
tion theory, etc. [14,15]. The site-site versions of these approaches have been devel- 
oped. In computer simulation such as Molecular Dynamics and Monte-Carlo meth- 
ods the correlation functions are applied both for presenting and understanding of 
the simulation data [16]. 

The radial function g(R) gives a one-dimensional picture of liquid structure and 
includes averaging on translation and orientation of molecules. Diffraction tech- 
niques allow study of this function for nearest molecules, reflecting just the local 
ordering of molecules in a liquid, and thus the long range molecular correlations are 
staying in shadow. In computer simulation both due to periodical boundary condi- 
tion and limited time of calculation, the long range molecular correlations may be 
cut off artificially. Thus really the role of supramolecular ordering in liquids is not 
understood in contrast with crystals [10-13]. 

Different approaches are being applied to complex liquids, and especially for 
those with attractional directed forces like H-bonds. They may be subdivided to 
physical, lattice, and chemical models [6-13,17]. First ones are statistical-mechanical 
models, e.g., SAFT (Statistical Associated Fluid Theory) [18,19], based on 
Wertheim's perturbation theory, second, the lattice models, based on Guggenheim- 
Barker theory [20,21], and its further hole modifications, taking into account the 
results on the lattice gas statistics, e.g. LFHB (Lattice Fluid Hydrogen Bond) [22], 
and the last ones are the chemical models, combining the extension of the hard 
sphere approach for anisotropic molecules with chemical equilibria equation [17]. 

Main area for application of these approaches [17-22] is the equation of state and 
thermodynamic functions of mixing. Thus these models at present firstly cannot 
describe other equilibrium properties of mixtures such as dielectric and optic ones 
and, secondly they are not extended to decribing kinetic properties of mixtures and 
processes occurring in them during the molecular thermal motion. 

3. ON EXTENDED QUASICHEMICAL MODELS 

In chemistry the concept of concentrations of particle and chemical reactions be- 
tween them is applied to describe the state of matter. In the framework of the quasi- 
chemical models the processes are represented by the equations of chemical reac- 
tion: 
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where A/, designates the reagent, v/a v'ia denote its stoichiometric coeffi- 
cients in the reaction a. The internal processes are characterised by the extent (de- 
gree of advancement) and the affinity where fji is the chemical potential of the 
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/-th reagent, and constants of rate k^. For nonequilibrium states the extents are 
independent parameters and corresponding affinities are not equal to zero. 

Quasichemical models combine both macroscopic and molecular theories. One 
can treat this approach as an extension of chemical thermodynamics and kinetics 
methods to internal processes occurring in matter, such as spatial reorganisations of 
the intermolecular structure, and in particular, the association processes, energy 
transfer between molecular degrees of freedom, conformation transitions of mole- 
cules, and related fluctuation phenomena. Molecular-statistical models are used both 
to specify the nature of processes represented by Eqns. (1), (2) and to obtain equa- 
tions for physicochemical properties. Thus quasichemical models represent the lan- 
guage for both investigating equilibrium and nonequilibrium properties of liquids 
and phenomena occurring in them during the molecular thermal motion, and pre- 
senting results in terms common for chemical systems [7-13]. 

The extents (2) represent the scalar internal variables. The examples of the 
vector internal variable are fluctuating local velocity and polarization of liquid. Ten- 
sor variables are entered for describing anisotropic states of system. Mechanic tensor 
variables are represented by the tensors of deformation { } and stress { } . 

Internal tensor variables } characterize anisotropic states of matter, e.g., 

local polarisability tensor, and those are not generally reduced to mechanic ones. 
The tensor dimension of the internal variables is determined by the property of a 
system or the phenomena considered. The internal variables were introduced for 
describing chemical reactions, viscoelasticity and relaxation phenomena, light scat- 
tering, phase transitions and critical phenomena [1,7-13,23-45]. The concept of in- 
ternal variables is especially important for theory of the irreversible processes. 

The term "quasichemical models" [7-13] underlines the description on the 
chemical language of the wide spectra of the processes occurring in matter, which in 
general are not accompanied by the change of the chemical nature of the reagents, 
and thus allow to consider both different properties and phenomena under the uni- 
fied approach. These models are named sometimes as association or chemical ones 
when association processes are considered [17], though their applicability is much 
wider. Then, these models should not be mixed with the "quasichemical approach" 
introduced by Guggenheim [20] at the estimation of the partition function of the 
lattice model, proposed for thermodynamic functions of the mixtures. Thus, it has 
only the formal analogy with the real processes, occurring in a matter during mo- 
lecular thermal motion. 

Quasichemical models of association processes were applied usually to thermo- 
dynamic and spectroscopic properties of liquid systems [6-13,46-49]. Recently, 
along with the elaboration of association models and thermodynamics of associated 
solutions in general [6-13,50-53], this approach has been extended to dielectric [6- 
13,54-58], optic [6-13,59-63], and kinetic [7-13,64,65] properties of pure liquids as 
well as mixtures. The properties considered are thermodynamic functions, Gibbs 
energy G, enthalpy //, entropy 5, and corresponding excess functions for mixtures, 
G^, /r, iS^, activity coefficients of the components Ya, Yb, dielectric properties, per- 
mittivity €s, optical properties - Rayleigh ratios for isotropic and anisotropic light 
scattering Ris, and Ran, and kinetic ones, related to relaxation phenomena. It is impor- 
tant to underline that the properties of mixtures considered are determined by differ- 
ent molecular parameters. 




21 



The results were applied to study molecular interactions, thermodynamics of ag- 
gregation, and the structure of aggregates in liquid mixtures [53,66-85] (see for the 
review [6-12]). New data on the structural and thermodynamic parameters of aggre- 
gates and the molecular nature of the macroscopic properties of mixtures were ob- 
tained. 

Next, we have to solve the interrelated problems of description of supramolecu- 
lar ordering and properties of liquids in the quasichemical approach [6-12]. Firstly, 
we have to describe the structure, composition, electric, and optic properties of ag- 
gregates. Secondly, we have to develop the thermodynamic model of the aggregate 
mixture. Thirdly, we have to derive the equations for macroscopic properties of liq- 
uid mixtures. The topological features of the aggregates, determined mainly by the 
number of specific bonds, which can form molecule with neighboring ones, should 
be taken into account. 

The model of associated species of arbitrary composition with the different ways 
of H-bonding of molecule in the aggregates was introduced (see for the review [6- 
12]). These aggregates are polyvariable in composition and structure. Actually, 
firstly, on each site of an aggregate may be located any molecule from the mixture 
components, and, secondly, the different ways for bonding lead to the structural 
polyvariability of aggregates. Really, starting from the "root” molecule of an aggre- 
gate the various ways for further aggregate growth are possible. Thus the structural 
and compositional multiformity of aggregates leads to the new types of those struc- 
tures. For instance even for homogeneous on composition chain-like aggregates, the 
structures differing in molecular correlations were established and, thus, the new 
models of chain-like aggregates were introduced. 

The model developed is taking into account the cooperative (collective) charac- 
ter of H-bonding. In common sense it means the dependence of the energy of con- 
secutive H-bond formation on the size of aggregates. This simplest type of H-bond 
cooperativity was accounted for on the thermodynamic level by introducing differ- 
ent equilibrium constants for dimerisation and that for formation of larger aggre- 
gates. New types of the H-bonds cooperativity were allowed due to considering of 
the more long range molecular correlations in aggregates. 

For a binary solution of components A and B the aggregate comprising n mole- 
cules is described by the sets of subscript {n, y'y , 72 , , ^ 2 , ••• 4-y } = {jk}> {h 

}, where = a,b (k - indicates the type of the ^-th molecule, and /, = 

(i=l,2„„n-l) denotes the state of the /-th bond in it. 

The properties of these aggregates, e.g., composition, structure, dipole moment, 
polarizability tensor, differ, as do the macroscopic properties of the respective liq- 
uids. Therefore, this required the approaches for describing both microscopic prop- 
erties of aggregates and macroscopic properties of liquids. The matrix technique was 
developed to consider aggregation, and both properties of aggregates and mixtures 
[50,51,54,55,57,60]. 

Structural and compositional polyvariability of the aggregates leads to the possi- 
bility for realizing systems, self-organised by noncovalent directed interactions like 
H-bonds, conserving information in double or more multivalent forms. Thus control- 
ling both compositional and structural reorganisations of the aggregates is promising 
both for molecular information processing in general and especially for that in living 
nature. 
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4. QUASICHEMICAL MODELS IN THERMODYNAMICS OF 
MIXTURES 

Thermodynamic model for mixture of aggregates is the first step for relating 
macroscopic properties of solution to microscopic properties of the aggregates. The 
approach for molecular interaction contributions to thermodynamic functions (Gibbs 
energy, enthalpy, and entropy) of both liquids and mixtures was developed and then 
the quasichemical non-ideal associated solution (QCNAS) model has been con- 
structed [6-12,50,51]. Repulsive interactions are treated within the framework of 
Flory approach, dipolar interactions are described using an extended Onsager model, 
dispersion interactions are allowed for using the continuous approach, and short 
range specific ones are dealt with by the association model. 

The molecular force contributions to Gibbs energy, enthalpy, and entropy of 
pure liquids and mixtures, self-organised by H-bonds, taking into account their su- 
pramolecular organisation have been calculated. For moderately polar substances 
such as monohydric alcohols the major contributions come from the dispersion in- 
teraction and H-bonding, whereas the long range constituents of dipole force are of 
only minor importance. As to the strongly polar N-amides the three contributions 
mentioned are comparable. The heat of evaporation of liquids is reproduced quite 
well [6-11]. 

Activity coefficients of components /a, Yb and excess functions of mixtures, e.g., 
excess enthalpy Ff, include three interrelated contributions, namely, first, associa- 
tive one describing the deviations from ideality due to repulsion forces and associa- 
tion, second one due to dispersion interactions, and third one due to dipolar forces: 

rA.B = yTb ■ r% ■ y% • ^ ■ ( 3 ) 

The first terms in Eqn. (3) are: 
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In Eqn. (4) Ca.b are the molar concentrations of the monomers a and b, x\b 
and (p ^ ^ are the mole and volume fractions of the component A and B, and , 
are the average numbers of association in the pure liquids A, B, and in the 
mixture, respectively. 

The successive formation of the aggregates is described by the equilibrium con- 
stants ]K^. . j 1 for dimerisation and those ]K^. . , , [for larger (n > 3) ag- 
“ JiJ2>h> " JiJ2-hh> 

gregates expressed in terms of the thermodynamic activities of the aggregates. These 
constants depend on the molecules, participating in bonding (// 72 = a, b), and on the 
states of the bond, formed at the given association step I 2 , and at the preceding one 
Ij. Thus the cooperative (collective) character of H-bonding is taken into account. 
The equilibrium constants are expressed in the following form 

=K-Kf^ KfP , 



( 5 ) 
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where the terms are expressed via the disp^jsion and^.dipolar forces 

contributions to the activity coefficients of aggregates { y. } , { y. } . The con- 
centration "equilibrium constants" K are expressed by the molar (volume) concentra- 
tions of aggregates {CJ ( {^.} ) and they include the non-ideality of the aggregates 
mixture due to the difference m their "size", characterizing the repulsive part of the 
intermolecular potential, which are described by the respective activity coefficients 
{ y^^ } . The last ones represent formally the transforming from the molar fractions 
{jc.j to the molar (volume) concentrations {C.} {{(p^) of aggregates. 

The values viab, Ha » represent the integral parameters of the aggrega- 

tion. The differential parameters of that are expressed e.g., by molar f„ and weight w„ 
distribution ftmctions, which give the fraction of the aggregates, consisting of n 
molecules, and the fraction of molec^es, included to thegi^ respectively. 

Estimation of both dispersion yj^^^ and dipolar y ^ contributions [6-10,50- 
52] to the activity coefficients is important for extracting me aggregation contribu- 
tions (3). 

The approach developed relates the thermodynamic nonideality of the mixture to 
molecular properties, rather than employing commonly the empirical parameters, 
and allows going beyond the approach of just short range interactions. The thermo- 
dynamic nonideality of the aggregates mixture leads to the dependence of the con- 
centration "equilibrium constants" K , which are applied to calculate the aggregates 
concentration, from the solution composition. These dependencies ye described 
within the QCNAS model. Thermodynamic equilibrium constants (5) are in- 
dependent on the mixture composition and thus they may be applied for describing 
the same process in cjifferent systems. The representation of the thermod^amic 
equilibria constant K (5) seems promising for describing chemical equilibria in 
liquid mixtures in general. 

The multivariance of the aggregates both on composition and structure results to 
various dependencies of excess functions on solution composition, but the influence 
of them on thermodynamic functions may be relatively essential only if there is a 
difference in the stoichiometry of an association. Thermodynamic functions do not 
include the structural features of the aggregates and thus, for instance the models 
with the same stoichiometry and different structure of the aggregates e.g., linear and 
cyclic cannot be discriminated by thermodynamic study. 

In general, the results obtained allow to describe thermodynamics of the internal 
processes in non-ideal mixtures, especially supramolecular ordering phenomena, 
from the molecular based model. 



5. QUASICHEMICAL MODELS IN DIELECTROMETRY OF 
MIXTURES 



Applications of dielectric constant data to study supramolecular organisation of 
liquids are based both on models for mixture of aggregates and the theory of dielec- 
tric properties. For the permittivity of mixture Eqn. (6) was derived [6-13,54- 
56]: 



9kj^ 
o m 



4tN, 







A^S j — “*" %■ J j = 7 fijgr 






d k 
s I 
j=l 



£coj 



I + 2 






■ £coj 



xy^j 



;( 6 ) 




24 



where kg, are the Boltzmann and A vogadro constants, ^y,and g • = 

(J = l,2,...,k) are dipole moment, the deformation permittivity, ana the 
dipole correlation factor of the y-th component, where ju. is the dipole moment of a 
sphere in dielectric at the fixed position and orientation of one (central) molecule Jjn 
it, and is the dipole factor of the solution. The deviations of dipole factor , 
gj from the unity are due to the molecular spatial correlations. The dipole factors 
gy describe the correlations of both simij&r and different components of a mixture. 
Equations relating the dipole factors g j , g^ to the structure of aggregates and 
thermodynamics of their formation were established [6-10,54-56]. 

The applications to aliphatic [66-68], alicyclic [69], aromatic [70-72], unsatu- 
rated [80] alcohols, and A^-amides [73,74] (see for the review [6-12]) demonstrated 
the possibility of a fairly reliable discrimination of the aggregation models based on 
the analysis of permittivity and dipole correlation factor. Models with the same 
stoichiometry and different structures of aggregates (e.g., chain-like and cyclic) may 
be distinguished even qualitatively. For most of the pure alcohols the dominating 
aggregates are the chain-like ones in agreement with the computer simulation [86]. 
The new structures of the chain-like aggregates were revealed. 

The thermodynamic parameters of the aggregation, e.g. equilibrium constants K, 
the enthalpy AH and the entropy AS of H-bonding were found, integral and differen- 
tial parameters of aggregation were determined, and the cooperativity of H-bonding 
has been revealed. 





T,K 



Figure 1. The average numbers of association Figure 2. Weight distribution function w„. 
in liquid methanol. of methanol aggregates 

For the first time found the long range corrections by //-bonding should be un- 
derlined. The average numbers of association VI in alkanols are equal to ten and 
above at room temperature and increase with decreasing temperature (Fig. 1). The 
distribution functions of aggregates on size are quite wide, and thus the evidence for 
larger aggregates was found (Fig. 2). Thus the methods developed allow to study the 
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long range molecular correlations in liquids outside of the nearest coordination 
shells and obtain data on the supramolecular aggregates of nanosizes. The structural 
sensitivity of the approach developed is limited by the saturation like dependence of 
dipole correlation factor on the numbers of association n at high values of those. 
Thus data for the high association numbers may be less exact in comparison with the 
low ones. 

6. EXTENDED QUASICHEMICAL MODELS IN THEORY OF 
FLUCTUATIONS AND RAYLEIGH LIGHT SCATTERING 

Rayleigh light scattering is subdivided to isotropic and anisotropic ones, corre- 
sponding to fluctuations of isotropic and symmetric components of the permittivity 
tensor (the refractive index E = n ) [87], and respectively for the Rayleigh ratio R 
- Ris -^Ran- Rayleigh ratio for isotropic scattering Ris is usually expressed as a sum of 
the terms, interpreted as due to independent fluctuations of temperature, density, and 
concentration [88-90]: 

Ris ~ = < Ae^ >j. + < As^ 

Firstly, this common consideration of isotropic fluctuations of the permittivity 
tensor and Rayleigh ratio in mixture (7) is not quite correct. Actually the fluctuation 
of temperature are independent both from density and concentration fluctuations, 
and thus in reality the last two terms in Eqn. (7) are determined as a joint result of 
the correlated fluctuations of density and concentration. According to another inter- 
pretation of Eqn. (7), the first two terms are due to correlated fluctuations of tem- 
perature and pressure, and the last one is due to the independent on those concentra- 
tion fluctuations [6-13,45,63]. ^ 

Ne^, the expressions for fluctuations of ^ensity < Ap^ > , concentration 
< Axq > ^ and their correlation < ApAXg > contain in a denominator 
(dpg / dxg }p p . Therefore approaching to the critical point of demixing of solu- 
tion the increasing fluctuations of concentration are accompanied by growing both 
fluctuations of density and correlations of fluctuations of density and concentration. 
At T —> their correlation coefficient r q 1 , and that means the linear 
dependence of density and concentration flucturflrolis. Thus, the common conclusion 
on the dominating role of the concentration scattering near critical temperature of 
demixing of solution [40,41,91] also requires updating [6-13,63]. 

Scattering due to concentration fluctuations is related to the activity coefficient 
of the components Ya, (3) by Einstein-Smoluchovsky relationship. Therefore in- 
vestigation of the molecular nature of both the concentration fluctuations and scat- 
tering is possible; the applications for that of the QCNAS model were performed [8- 
12,77,83]. 

Secondly, in the traditional approach fluctuations of internal variables such as 
the extents of quasichemical process {^^i} are not taken into account. Thus, Eqn. 
(7) is derived under the assumption that the external thermodynamic variables e.g., 
{T, p, and c), determine uniquely of the fluctuation state of a system. Therefore it 
allows for the fluctuations which do not disturb the equilibrium of a system with 
respect to the internal processes. In general the nonequilibrium states are determined 
by both external and internal variables of different nature and tensor dimension [8- 
13]. 
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Thermodynamic potentials describing the non-equilibrium states of a system, 
taking into account both scalar {4^1 ^ vector, and second rank tensor { IJ ^ } 

internal variables were constructed, starting from statistical-mechanical ensembles. 
On the basis of this results the fluctuation theory was developed [7-13]. Fluctuations 

of scalar } and tensor {Tjp } internal variables in isotropic medium are inde- 
pendent and thus may be considered separately. 

It was shown that for fluctuations non-equilibrium as to the scalar internal pa- 
rameters {A a ^0) the formulas for fluctuations of the extensive variables, e.g., en- 
ergy, volume, coincide with those obtained by the Gibbs ensemble method [91], or 
by the theory of fluctuations equilibrium as regards to internal parameters (Aa= 0) 

[39,45], < >= kT^Cv » < > "" kTVji\ . In contrast, the fluctuations 

of intensive variable, e.g., temperature, pressure, are determined by the instant 
= const) values of the parameters, e.g., < AT^ > 

= kT^ ICy =<T'^ +kT^(l/Cy -1/C^) , where Cy and C“ are the equilibrium 
(A = 0) and instant ( ^ = const ) isochoric heat capacity, and the second term ex- 
presses contribution of the extent fluctuations to temperature ones. 

The contributions from fluctuation of the extent to thermodynamic properties, 
e.g., isobaric heat capacity and isothermal compressibility Pj , are given by the 
formulas: 
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where (^/d^r.p = AH, (dV/dQr.p = AV are the enthalpy and the volume variations 
due to the quasichemical process. 

Because for liquids the equilibrium shear modulus =0, the quadratic form 
of the fluctuating Gibbs energy, responding to tensor internal parameters, is degen- 
erated and thus, it describes states of so-called indifferent equilibrium. It means the 
linear relationships of the internal tensor variables { T } ^ } and the tensor of de- 

formation {u^j^} , and therefore only determining linear combinations of them is 
possible. The fluctuations of tensor parameters determine the instant (;/ = const) 
stress modulus of liquid [13]. 

Fluctuations of the internal variables make an additional contribution to scatter- 
ing. Isotropic fluctuations of the permittivity and respective Rayleigh ratio in an 
individual liquid are given by the formula [7-13]: 
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in which the first two terms correspond to scattering by temperature and density 
fluctuations [Eqn. (7)], and the last one due to affinity A (extent ^ ) fluctuations. 
For manifesting a process in isotropic light scattering, the reagents must be different 
in the enthalpy and the scalar polarizability. It follows from the experimental data 
that fluctuations of the internal variable should not be ignored in light scattering. 




27 



because experimental values of Rayleigh ratios are systematically greater than 
calculated ones Therefore it may be a source of the new data on the internal 
processes. Extraction of these terms requires both the precise measurements of the 
intensity of scattered light and the accurate data on the first two terms in Eqn. (9). 
On the other hand, additional terms in Eqn. (9) are not universal and estimation of 
them requires the specification of the internal processes. Therefore it may be a 
source of an unrecognized error in the scattering methods. 

Rayleigh ratio for anisotropic scattering Ran is determined by the average mo- 
lecular anisotropy </> [6-13,92]: 

Ran~<Y^ >=g"V 

p,q=\ 



where (Xp^ are the principal values of the molecular polarizability tensor, 6pa,qT are 
the angles ^betwee^ its principal axes, is the molecular anisotropy, and 
is the optical correlation factor of liquid. The relationships of 



optical factors with structure of aggregates and thermodynamics of their formation 
both for liquids and mixti^s were established [6-12,60]. 

The dipole factors g (6) are determined bv the mutual orientations of dipole 
moment of molecules and the optical ones g^P (10) by those of molecular po- 
larizability. Thus it allows complimentary information on the structure of su- 
pramolecular species to be obtained, and moreover there is a possibility to calculate 
dielectric properties from optical ones and vice versa. A lower dependence of optical 
factors on the number of association favors using dielectric data for strongly associ- 
ated liquids. 

Thus methods developed allow to obtain new data on the internal processes, oc- 
curring in liquids, especially on supramolecular ordering, based on the interrelations 
of them with thermodynamic, dielectric, and optic properties of mixtures. They give 
detailed data on the structure and properties of aggregates. Secondly, they allow to 
obtain both the thermodynamic parameters and integral and differential parameters 
of the aggregation, and to study the supramolecular aggregates with the long range 
molecular correlations. It seems promising to study the ordering of the supramolecu- 
lar aggregates in liquid mixtures similar to that in liquid crystals. 



7. EXTENDED QUASICHEMICAL MODELS IN INVESTIGA- 
TIONS OF RELAXATION PHENOMENA AND DYNAMIC 
PROCESSES IN LIQUIDS 

Macroscopic description of irreversible processes is based on the nonequilibrium 
thermodynamics methods [1,23-26]. The local balance equations for extensive vari- 
ables in combination with the relationships of fluxes of mass, momentum, energy, 
etc., to thermodynamic forces (gradients of velocity, concentration, temperature, 
etc.) form the set of equations to describe the spatial-temporal evolution of nonequi- 
librium systems. Onsager kinetic coefficients Lap, relating thermodynamic fluxes 
and forces, are connected to the rate constants of processes k, diflusion coefficient 
D, and bulk and shear rjs viscosity, etc., and they should be determined either 
from experiment or using molecular-kinetic theory. 

Study of dynamic processes occurring in liquids during the molecular thermal 
motion (Fig. 3) both by statistical mechanics and computer simulation methods pre- 
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sent difficulties nowadays not only because of computational problems, but due to 
the necessity to construct the rather complex initial molecular models. Experimental 
methods are of considerable importance for investigating dynamic processes and 
models interpret their results. Thermodynamic models of the systems with internal 
parameters hold a prominent position among them [7-13,27-34,36-38]. Models pro- 
vide the molecular interpretation of the internal variables, for instance they are the 
extents of corresponding quasichemical process both for conformation transitions 
and excitation or deactivation processes of molecules, and they are scalar, vector, or 
tensor variables, describing spatial supramolecular ordering for structural and dipole 
relaxation, etc. 

Therefore, the importance of the extended quasichemical models to study dy- 
namic processes in liquids may be stated. First one is the theory of the kinetic coef- 
ficients of nonequilibrium thermodynamics, second one is the theory of relaxation 
(acoustic, dielectric, etc.) spectra, and third one is the applications to studying dy- 
namic processes occurring in liquids at the molecular thermal motion (Fig. 3). Ex- 
tending this approach to non-linear irreversible phenomena seems promising. Mo- 
lecular thermal motion is responsible for local equilibrium in a matter, and that is the 
basic point for thermodynamic approach to the irreversible phenomena. The mecha- 
nisms of the molecular thermal motion in liquids represent the elementary stages 
both for more complex systems and chemical reactions. 

Processes of molecular thermal motion contribute both to equilibrium properties 
of liquids, e.g., thermodynamic^otentials, excess functions of mixtu^s (3), isother- 
m^ Pf (8) and adiabatic P^ (13) compressibility, isoclyDric Cy and isobaric 
Cp (8) heat capacity, coefficient of thermal expansion 0^ , static permittivity £s 
(6), integral Rayleigh ratio R,(9), (10) and kinetic properties, e.g., rate, constants of 
the chemical reactions k ,k and those for internal processes 

(11) and shea?;, (14) viscosity, diffusion coefficient A dynamic |diabatic 
compressibility P^(co) = Ps(^)i^^ (H). shea^, module ^ (o)) = 

fi(co) ^ i(orjs(co) (15), permittivity £ (co) ^ £ ( CO) - i£ (co) , and Rayleigh 
ratio R(co), which depend on the frequency o) (Fig. 3). Thus the relationships of the 
thermodynamics and kinetics of the processes, occurring in a matter are exhibited. 

Let us consider the scalar internal variables { ^ } (2), and examples fi*om acous- 
tic spectroscopy. The complex velocity of the longitudinal acoustic waves is deter- 
mined by the expression = [K*^((o)-^4 fi* (o)) / 3] / p , where 

kI(o)) = 1 / ps(o)) and p* (co) are the complex adiabatic bulk and the shear 
modules. The complex adiabatic compressibility p^((o) is given by the equation 
[28,30]: 

P\(<or P's ((o) +io}ri,(o))= Ps(o))+Y. — — ^ — + * t . (11) 

a=il + 0) a=! I + a^rls 

In Eqn. (11) 5 a P^ ~ P s a~ contributions of normal reaction to 

the equilibrium adiabatic compressibility t}^ (co) is the dynamic bulk viscosity; 
and Xp^ ^ are the isobaric-adiabatic relaxation times of normal reaction, determined 
by the eigenvalue problem: 



I 

X = LHx . 
T 



( 12 ) 
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Figure 3. Processes of the molecular thermal motion in liquids 



In Eqn. (12) L is the diagonal matrix, and the elements of that are proportional 
both to rate constants ka (or ^ for direct (or reverse) process a (1), and activities 
(concentrations) of the reagent according to the mass action law. The elements of the 
symmetric matrix H are the second derivatives of enthalpy with respect to the ex- 
tents of natural reaction {^}. The eigenvectors Xa form the matrix X of the linear 
transformation X(^ from extents of natural reaction <^to those of normal reaction 

^ The relaxation strengths ba are determined by the expressions: 



bar 



^aPs 

Pi 







pS, a ’ 



( 13 ) 



where {dV = ^Va - / Cj. For observing the process in 

acoustic spectrum it should possess nonzero enthalpy AH a , or volume AVa , varia- 
tions. Eqns. (11)-(13) were derived without using specific solution model; the sim- 
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plest model of the ideal solution (ideal associated solution) is applied usually [27- 
32]. 

For tensor internal variable the following kinetic equation was obtained [13]: 



nik=-L. 



dAg _ 















- 7,.^ )=— ( - 7,.^ ), 



( 14 ) 



where is the symmetric traceless part of the deformation tensor; Jf-j^ and 
are the volume density of the tensor internal variable and the affinity, conjugated 
with it, = ( dBij^ / ) s is the corresponding Onsager coefficient; 

Ag is the volume density of tlie fluctuating Gibbs energy, and the relaxation time 
is determined by the expression 1 / r^= L„ B^ = 2/J, . Thus for the 
complex dynamic stress modulus jj, (co) iht following equation was obtained: 



00 • 2 2 00 
. . , ICDT. / V . / , M ^ '^S , ■ M '^S /ICS 

fi (co)=^ — ^-=n(Q}) + iC07],(a))=^ ( 15 ) 

1 + icoT^ 1 + co t; /-l-ry r; 



where /u(o )) and tj^(co) are the dynamic shear module and the shear viscosity 
respectively. Eqns. (14), (15) correspond to Maxwell formulation of the viscoelastic- 
ity phenomena. The complex velocity of the shear acoustic waves is defined by the 
expression = fj* (co)/ p . Thus the equations derived contribute to study struc- 
tural relaxation phenomena in non-ideal liquid systems. 

In dielectric spectroscopy the complex dielectric permittivity s (co) = e*(co) - 
ie'‘(co) is investigated, where £*(co) and s‘'(co) are the dynamic permittivity and the 
dielectric losses, and that is represented in the form similar to Eqn. (10). For observ- 
ing the process in dielectric spectrum it should give the nonzero variation of dipole 
moment of the system, (^/d^r.p = AMa^ 0. 

The equations defining the relaxation times (12) and strengths (13) for 
nonideal solutions (nonideal aggregate mixtures), based on the QCNAS model were 
obtained. The structural and thermodynamic data on internal processes obtained 
from analysis of the equilibrium properties are useful for these purposes. The ther- 
modynamic non-ideality of the solution leads to the essential corrections to thermo- 
dynamic and kinetic parameters of the internal processes, determined from relaxa- 
tion spectra [7-13]. 

The Markov character of the processes is implied in Eqn. (1). Taking into ac- 
count the spatial-temporal correlation of processes may change the sense of Eqn. (1) 
with the respective modifying the dispersion relationships (11), (15). This is the 
most important for both critical points and phase transition phenomena [40-42] and 
vitrification of liquid [93]. The spatial correlation of the dynamic processes is taken 
into account in the model of collective reactions [93-96]. It leads to both essential 
deviations of the kinetic properties from Arrhenius equation, and \videning the re- 
laxation spectrum of supercooled liquids, and thus allows explanation of these im- 
portant features of the glass formation. Studying the interrelations of the models of 
collective reactions and collective coupling modes [97-99] seems promising. 

Of the special interest is to further extend this approach for vector and tensor in- 
ternal variables. Among more particular problems models with continuous variation 
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in the internal parameters could be mentioned. It seems interesting to investigate 
interrelations of dynamic processes, different on nature, e.g. structural relaxation and 
conformation transitions of molecules, etc. 

The applications allow obtaining new data both on the thermodynamics and ki- 
netics of supramolecular ordering, conformation transitions of molecules, and en- 
ergy transfer processes, as well as on the spatial-temporal hierarchy of the processes, 
occurring in liquids during the molecular thermal motion [7-13,100-105]. 

In general the results obtained extend the quasichemical concept to dynamic 
fluctuation and relaxation phenomena and kinetic properties of liquid systems. 



8. APPLICATIONS FOR BINARY MIXTURES 

Let us characterize briefly the applications to binary solutions, which rely on the 
analysis of their thermodynamic, dielectric and optic properties (see for the review 
[6-12]). The binary mixtures were subdivided according to thermodynamic proper- 
ties to those with negative and positive deviation from ideal solution behavior. On 
the basis of general results the specific equations for thermodynamic functions of 
mixing, permittivity, and Rayleigh ratio were derived. The properties of the mixture 
were considered over as wide concentration and temperature range as possible. 

8.1 Binary Mixtures with Negative Deviation from Ideal Solution Behavior 

Propanone-trichloromethane [77] and dimethylsulfoxide-trichloromethane [75] 
mixtures were considered as the examples of solutions with negative deviation from 
ideality. The propanone-trichloromethane mixture was described by the model A + 
B + AB + AB 2 , and for dimethylsulfoxide-trichloromethane one it was found neces- 
sary also to include dimerisation of dimethylsulfoxide (model A + B AB + AB 2 + 
A 2 ), where symbol A means propanone or dimethylsulfoxide, and B denotes tri- 
chloromethane. 

Models proposed describe the activity coefficients of the components, excess 
Gibbs energy, enthalpy, and entropy, as well as permittivity, and Rayleigh ratio of 
the mixtures investigated in the whole concentration range. The major contributions 
to the excess thermodynamic functions are made by specific interactions, and the 
role of universal interactions is reduced to partial compensation of the association 
contribution. Universal interactions lead to the dependence of the “concentration” 
equilibrium constants on the mixture composition, which is varied up to 30 %, and 
this is highly essential for studying thermodynamics of aggregation, and in particu- 
larly at the evaluating concentration of aggregates. 

Mixtures with negative deviation from ideality are characterizing by relatively 
small numbers of association, for instance in propanone-trichloromethane mixture 
the maximum number of association hab = 1.25 (T = 313 /Q. Thus the molecular 
correlations extend to no more than first coordination shell. 

8.2 Binary Mixtures with Positive Deviation from Ideal Solution Behavior 

Monohydric alcohol solutions comprise the binary mixtures demonstrating gen- 
erally positive deviation from ideality. We can recognize at least four types of mix- 
tures of alcohol [6-12]. First one is the mixture of nonpolar "inert” solvent- 
associating solute, e.g., cyclohexane-cyclohexanol [76], cyclohexane-ethanol [106]. 
Second one is the mixture of nonpolar "solvating" solvent-associating solute, e.g., 
tetrachloromethane-methanol [83], tetrachloromethane-unsaturated alcohol [80], and 
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1,4-dioxane-methanol [107]. Third one is the mixture polar "solvating” solvent- 
associating solute, e.g., ketone-alcohol [78,79,84], and trichloromethane-alcohol 
[81]. Fourth one is the mixture of associating solvent-associating solute, e.g., metha- 
nol-butanol, and alcohol-N-amide. 

The mixtures similar cyclohexane-ethanol were described by the model of infi- 
nite chain-like alcohol association, added by the cyclic alcohol aggregate, /f y + 5y + 
^2 + +... + + . . .+ Bi^cyci , hereinafter A denotes the molecule of the solvent, and 

B means alcohol. The mixtures of the second and third type were treated using the 
modeM/ + 5y +5^ + ...+ Bi^cyd ABj -^AB2+ABs + + ... . 

For the mixtures of the fourth type more general model + Bj Bi cyd + A^Bn (m,n 

> 1) was applied. Though the supramolecular structure of the solutions belonging to 
both second and third types was described by the same stoichiometric model the 
polar nature of the solvent in the ketone-alcohol, and trichloromethetane-alcohol 
mixtures required a detailed description of the structure of complexes solvent - sol- 
ute. 

For establishing the most probable structure of the cyclic aggregates of alcohol 
the data on Monte-Carlo simulation of methanol containing 500 molecules in the 
main box [86] were applied. The detailed analysis of the topological structure of 
aggregates containing up to 62 molecules was performed. The most probable cyclic 
aggregate of methanol consists of four molecules [10-12,86]. 

The numbers of association being very high in pure methanol ( = 60, T = 298 

K), decrease dramatically upon dilution (Figs. 1, 4). The solvation increases the 
number of association of mixture «ab, but greatly decreases of that for alcohol «b 
due to competition between association and solvation of alcohol. The number of 
association in methanol has been found much greater than in Monte-Carlo simula- 
tion [86] (Wq s 12, T= 298 K), probably due to insufficient size of the simulation 
main box [9-12]. Cyclic aggregates play important role only in the mixtures poor of 
alcohol, e.g., Wcyd = 24% at =0.1 m. f (Fig. 5), according to the higher thermo- 
dynamic stability of non-polar aggregates in a less polar medium. In pure alcohol the 
role of cyclic aggregates is less evident because the chain-like aggregates are domi- 
nating, Wcyd = 2%. Thus the model of chain-like association seems a good approach 
for pure methanol. It follows from the results obtained that the numerous models of 
the alcohol mixtures, taking into account one or few types of the aggregates, are not 
adequate. 
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Figure 4. The average numbers of associa- 
tion of mixture «ab (0 ^md alcohol (2) in 
the mixture tetrachloromethane-methanol, T 
= 298 K; JCg is m.f. of methanol. 



Figure 5. The weight fractions of alcohol 
monomers (1), linear aggregates(2) and 
cyclic tetramers (3) in the mixture 
tetrachloromethane-methanol, T = 298 K; 
Xg is m.f. of methanol. 





b) 

Figure 6. Excess Gibbs energy T = 293 K (a) and enthalpy , T = 323 K (b) of the 
tetrachloromethane-methanol mixture. Points, experimental data; lines, calculated values, (1) 
total values, (2) association contribution, (3) dipole contribution, (4) dispersion contribution; 
Xg is m.f of methanol. 
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Figure 7. Dipole correlation factor (a) and permittivity 6^ (b) of tetrachloromethane- 
methanol mixture, T = 298 K. Points, experiment, lines, calculated values without allowance 
for solvation and cyclic tetramers (1), with allowance for solvation (2), and with allowance 
for solvation and cyclic tetramers (3); JCg is m.f of methanol. 

In general the models of alcohol solutions developed give a good description of 
thermodynamic functions, permittivity, and Rayleigh light scattering. Universal in- 
teraction contributions to the excess thermodynamic functions [Fig. (6)] are compa- 
rable with the association one [83] and do not reduce to their partial counterbalanc- 
ing as e.g., for the propanone-trichloromethane mixture [77]. Therefore again the 
universal contributions are necessary for the proper study of the association. Dipole 
and optic factors are much more sensitive to structure of aggregates in 

comparison to permittivity 6^ (Fig. 7) and anisotropic Rayleigh ratio . 
Rayleigh concentration ratio contributes up to -70-80% of scattering in alcohol mix- 
ture and in contrast anisotropic scattering is about 1-2 orders less [59-61]. 



9. CONCLUSION 

The methods developed allow obtaining new data on the thermodynamics and 
kinetics of the internal processes in liquid mixtures. Firstly, they allow analyzing the 
different physicochemical properties of the wide classes of pure and mixed solvents 
in the wide range of the parameters within the unified molecular approach. The re- 
sults obtained allow extending for multicomponent mixtures, and thus properties of 
ternary mixtures from the data obtained for binary ones may be predicted. 

Secondly, they allow studying structure, composition, and properties of the ag- 
gregates, as well as thermodynamics and kinetics of aggregation. The differential 
and integral characteristics of aggregation in mixtures can be investigated. Thus the 
detailed description of the supramolecular organisation of mixtures can be obtained. 

Thirdly, the methods developed allow structural investigations of liquids, and 
especially the long range supramolecular ordering. These data are difficult or impos- 
sible to obtain by other methods, e.g., spectroscopy or diffraction ones. 
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Fourthly, the models developed describe properties of mixture in the whole con- 
centration range, and thus include pure solvents, diluted and concentrated solutions. 
They enable both description and prediction of properties over a wide temperature 
range. 

Fifthly, the equations derived determine the thermodynamic potentials of the 
non-equilibrium states, fluctuations of both external and internal variables, and con- 
tributions of the internal processes to macroscopic properties. Thus it extends the 
quasichemical concept to kinetic and relaxation properties of the nonideal mixtures. 

Supramolecular ordering reveals itself in the macroscopic properties of mixture. 
The different supramolecular organisation is characterizing of mixtures with nega- 
tive and positive deviations from ideal solution behavior. In mixtures with the nega- 
tive deviation from ideality the main role belongs to complexation between the dis- 
similar molecules, and in contrast in mixtures with the positive deviation the asso- 
ciation of homogeneous molecules plays usually the main role. 

Thermodynamic properties are relatively sensitive to the stoichiometry of the 
aggregation, but not to the structure of aggregates. Both dielectric and optical prop- 
erties are related directly to the spatial ordering of molecules. Therefore joint appli- 
cation of the methods developed to different properties of mixtures allows obtaining 
the complementary information on the structure of aggregates, impossible by other 
methods especially as to the long range molecular correlations. 

Selforganisation in mixtures by the attractional directed molecular interactions 
like H-bonds leads to the formation of the supramolecular aggregates consisted of 
tens of molecule. The supramolecular aggregates revealed, having the nanosizes, are 
important for new understanding of the long range molecular correlations for struc- 
ture and properties of liquid state of matter. 

It may be concluded, that the backgrounds of the unified approach, based on the 
concept of supramolecular assemblies, to thermodynamic, dielectric, optic, and ki- 
netic properties of liquids have been elaborated. The results presented contribute to 
the supramolecular thermodynamics and kinetics as the background for analyzing 
properties of liquids, related to different molecular parameters and studying the long 
range supramolecular ordering phenomena. It allows prediction of macroscopic 
properties and thus contributes to molecular design of liquid materials. It could be 
proposed that the models developed for describing microscopic stages of su- 
pramolecular ordering in molecular liquids reflect the general features of the selfor- 
ganisation phenomena in systems with larger spatial-temporal scales of the proc- 
esses. 
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Abstract: Sophisticated simulation techniques in combination with high-speed computing 

provide a very powerful tool for the elucidation of structural data and dynamics 
of solutions, which in several aspects can be superior to any experimental tech- 
nique. A careful analysis and comparison of simulation results achieved at dif- 
ferent levels of accuracy shows that classical simulations, even including 3- 
body corrections, do not supply sufficiently precise data for all structural de- 
tails and dynamical processes. As simulation techniques based on small clusters 
and simple density functionals also fail in the prediction of ion solvate structures, 
mixed quantum mechanical / molecular mechanical (QM/MM) simulations at 
Hartree-Fock level with medium-sized basis sets appear as the only viable method 
within today’s computational affordability to achieve the necessary accuracy for 
a theoretical approach to the details of microspecies structures and their dynam- 
ics in electrolyte solutions. Results of QM/MM-MD simulations for numerous 
main group and transition metal cations presented here exemplify the capability 
of this method and clearly show the limits not only of classical simulation 
techniques, but also of the models being used for the interpretation of experi- 
mental measurements. 



1. INTRODUCTION 

Monte Carlo (MC) and Molecular Dynamics (MD) simulation techniques have 
become a well-established tool for the study of liquid systems. The basic approach 
common to both methods is a separation of the interactions between all particles 
present in the system into contributions of pairs, triples, quadruples ... a.s.o. of parti- 
cles: 



kmi = s nu) +'Ly{ij:k)+...+'z nu, t «) (d 

In most simulations, only the term describing pair interactions is taken into ac- 
count, assuming pairwise additiivity of the energies / forces in the system, although 
it has been shown quite early that higher terms are by no means negligible, even for 
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weakly interacting solvent molecules [11]. In particular, 3 -body terms describing the 
mutual polarisation of interacting species can decisively influence the structure of mi- 
crospecies formed in solution, and this influence increases with the interaction en- 
ergy between species, e.g, going from single-charged to double-charged ions interact- 
ing with a solvent. 

A good method to estimate the importance of the higher terms in eq. 1 is the per- 
formance of ab initio calculations of small clusters of molecules, revealing the differ- 
ences in binding energy per molecule with increasing number of interacting particles. 
Having recognised once the importance of such terms, there are several ways to ac- 
count for them. The simplest approach is the use of empirical pair potentials consider- 
ing mutual polarisation effects in an averaged way and fitted to reproduce some ex- 
perimentally known properties of the system studied. A more systematic approach 
was the evaluation of pair potentials from quantum chemical calculations of species 
dimers in a fixed geometry with a further species, as realised in the Nearest-Neigbour- 
Ligand Correction formalism for simulations of hydratedions [33]. 



2. AB INITIO GENERATION OF INTERACTION POTENTIALS 

The methodically most correct and controllable way to develop interaction poten- 
tials is based on quantum mechanical ab initio calculations of the corresponding en- 
ergy surfaces for pair, 3-body, and higher interaction terms, with a sufficiently accu- 
rate level of theory and basis set. This procedure does not pose too much problems 
for pair potentials, where a few thousand configurations may represent the energy 
surface with sufficient accuracy and completeness, and where the interaction poten- 
tial can be fitted to an analytical function of the type 




Bic 

A. 



^ ic ^ ic 



^iQc 

nc 



( 2 ) 



For the often very essential 3 -body terms, the same procedure can be followed in 
principle, constructing the energy surface from a representative number of 3 -particle 
configurations calculated by the same ab initio formalism employed for the evalua- 
tion of the pair function. Due to the larger number of degrees of freedom, however, 
several ten thousands of these configurations are needed, and the fitting of the energy 
contributions to an analytical function becomes considerably more difficult 
[37,50,39]. 4-body and higher terms make this procedure almost unfeasible, due to 
the large number of needed energy surface points and the problems to represent the 
surface by a suitable function. 



3. ab Initio MC AND MD SIMULATIONS 

A quantum mechanical evaluation of the energy and all forces of the system would 
be the "natural” solution to all of these problems. However, even today's fastest 
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available parallelizing computers do not allow to deal this way with the number of 
molecules needed to represent a liquid system, for which the simulation box should 
contain at least several hundred particles within the framework of periodic boundary 
conditions/minimal image convention, in order to avoid artificial symmetry effects 
and to obtain reliable structural data up to at least 10 A distance from a given center. 

For these reasons, a compromise was sought by dividing a given chemical system 
into a ’’sensitive”, chemically most relevant region, where quantum mechanical meth- 
ods would be applied, and an ’’outer” region, where traditional molecular mechanics 
appear to be sufficiently accurate. This separation, usually referred to as ”QM/MM” 
approach has been considered for the treatment of chemically active sites of bio- 
molecules [4,14] and in its first approaches considered semiempirical MO methods as 
the quantum mechanical tool to be employed [12]. Later, this separation was applied 
to solutions of ions [20], where - most conveniently - the separation of the QM sub- 
system does not involve any breaking of covalent bonds in the transition region to the 
MM subsystem. However, the enormous computational effort related to the evaluation 
of energies for several million configurations (MC) or of forces in tens of thousands of 
time steps (MD) set up technical limits for this method, restricting it to Hartree-Fock 
level of theory and to moderate basis sets. Unfortunately, semiempirical MO methods 
as MNDO or AMI as well as ab initio calculations with simple basis sets as STO-3G 
proved not suitable for this approach [20, 40]. Investigations with several basis sets 
have shown that double-zeta plus polarisation quality is the minimum required for a 
good description of the QM region [20]. 

Another attempt to avoid the classical w-body problem was the introduction of 
the Car-Parinello method [10], where small clusters of 30 — 60 molecules are treated 
by an approximate quantum mechanical formalism, based on the Becke-LYP density 
functional [16,6]. Although sometimes also quoted as "ab initio" dynamics, the use of 
this functional rather classifies the method as a semiempirical procedure, and the still 
necessary restriction to small clusters seems a serious obstacle to obtain reliable 
structural data. 

4. DO N-BODY EFFECTS PLAY AN IMPORTANT ROLE IN SO- 
LUTION CHEMISTRY? 

In order to assess the need for high-level, i.e. quantum mechanics - based simula- 
tion techniques, the actual importance of higher w-body effects has to be clarified. The 
comparison of already available results from ab initio QM/MM simulations with clas- 
sical pair and 2 + 3-body simulations allows to obtain a quite good insight into the rele- 
vance of the w-body terms. The effects of these terms will be summarized in the fol- 
lowing as ’’quantum effects”, as they are of non-classical nature and only account- 
able through quantum mechanical evaluation methods allowing for mutual polarisa- 
tion and charge transfer. 
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For ions interacting rather weakly with the solvent, one would expect a negligible 
influence of such etfects. However, it has been found that the structure-breaking be- 
haviour of the K(I) ion in water is only revealed by a quantum mechanical treatment 
of the first hydration shell [41]. This finding proved of essential importance for the 
interpretation of the functionality of the potassium-specific ion channels in cell mem- 
branes [5, 41]. For Na(I) a very similar hydration shell structure is obtained by classi- 
cal and QM/MM MD simulations, vdiereas only the QM/MM formalism elaborates 
the details of the experimentally known coordination number of ~ 4 for Li (I) [21, 42] 

For alkaline earth metal ions, quantum effects are even more important. Ca(II) is 
one of the most thoroughly investigated ions, due to its biological importance. Due to 
the Ca...O bond length of ~ 2.5 A, which leads to a partial occlusion of the related 
peak in diffraction studies by the broad 0...0 peak, experimental determination of the 
hydration structure of this ion is difficult, and the simulation results were quite am- 
biguous until recently, when QM/MM simulations were performed at HF and B3LYP- 
DFT level with 499 water molecules [37], leading to an 8-fold coordinated, square- 
antiprism shaped structure which is in agreement with the most reliable experimental 
data for dilute solutions of Ca(II) [29,31]. At the same time, a Car-Parinello simula- 
tion of Ca(II) with 50 water molecules resulted in a coordination number of 6 [35], 
indicating the tendency of this method to underestimate coordination numbers (an even 
more convincing example for this will be discussed below). 

When ion solvation in mixed solvents is studied, the differences between classical 
and quantum mechanical simulations become even more striking: QM/MM MD simu- 
lations of Li(I), Na(I), Mg(II) and Ca(II) [43,44,45,47] in aqueous ammonia show 
striking differences for the composition of the first shell and even more deviations in 
size and composition of the second solvation shells, where average coordination 
numbers of 18-20 are reduced to values of 10-12 by the quantum mechanical treat- 
ment. Solvation in mixed solvents usually leads to a number of miaospecies simulta- 
neously present, which often do not correspond to the average composition of the sol- 
vate accessible through experimental methods. In such cases the theoretical approach 
is clearly superior to predict the chemical reactivity of solvate complexes [48]. 

Another famous example, where classical simulations, even 3-body corrected, will 
fail to reflect well-known chemical behaviour is the Jahn-Teller effect of hy-drated 
Cu(II) ion: The typical square-pyramidal distortion observed experimentally both in 
the solid and the liquid state [8, 13], could only be reproduced by the first ab initio 
QM/MM MC simulation of hydrated Cu(II) ion [27]. 

Summarizing these widespread observations of a crucial influence of w-body ef- 
fects in most ion solvates, the conclusion that only QM/MM simulations are capable 
of delivering accurate structural data for such systems (without fitting potentials em- 
pirically to experimental data), seems fully justified. As a correct structure evidently 
is the basis for correct dynamical data, the same conclusion will be valid for them, 
i.e. for molecular rotations/vibrations/translations and for ligand exchange processes. 
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In the following, therefore, only data obtained by ab initio QM/MM MD sim- 
ulations will be discussed, with further comparisons to classical simulations for the 
same systems being available in the references, 

5. SIMULATION PROTOCOL 

All QM/MM MD simulations reported here have been performed for one metal 
ion immersed in 499 water molecules positioned in a cubic box of the experimental 
density of pure water. The QM region included the full first hydration sphere, and 
water molecules were allowed to enter/leave the QM region through a transition re- 
gion of 0.2 A width, ensuring a smooth transition between quantum mechanical and 
molecular mechanical forces. Periodic boundary conditions were applied, and long- 
range interactions were handled by the reaction field method. The temperature of the 
ATT ensembles (298 K) was controlled by the Berendsen algorithm [7] with a relaxa- 
tion time of 0.1 ps. For the MM part of the systems, ab initio generated pair and 3- 
body potential functions for ion- water interactions were used, whose details are given 
in the corresponding references. For water, the flexible BJH-CF2 model [38,9] was 
used, which allows explicit hydrogen movements, requesting thus a time step of 0.2 
fs for the simulations. QM/MM simulations were started from classically equilibrated 
configurations, sampling a 15-30 ps interval after equilibration had been achieved. 
Further simulation details are available in the references [19,21,50,37] Typical CPU 
times required for QM/MM simulations are in the range of 3 to 9 months on a par- 
allel computer cluster with 6-8 1 Ghz processors, the QM part being executed with the 
parallelized version of the TURBOMOL program [49,2,1] 

6. STRUCTURE OF HYDRATED TRANSITION METAL IONS AND 
HYDRATION ENERGIES 

Tables 1 and 2 list the characteristic structural data for the first and second hy- 
dration shells of a series of main group and transition metal ions investigated by 
means of QM/MM MD simulations and compare these values to available exper- 
imental data and some results of classical simulations. 

It has to be mentioned that, except of EXAFS measurements, most experiments 
have been carried out with solutions of rather high concentrations (1-5 M), in which 
counterion effects, ion pairing and even lack of sufficient solvent molecules to form 
full hydration shells can strongy influence the actual coordination numbers. The simu- 
lation data are valid for dilute solutions and hence also correspond to concentrations 
relevant for the activity of these ions in biological systems. It can be seen, however, 
that wherever experimental data are available for dilute solutions, an excellent agree- 
ment is found between QM/MM simulation and experiment. 

Hydration energies computed from the simulations can be compared to ex- 
perimentally evaluated enthalpies of hydration. Data for single-ion hydration en- 
thalpies can only be evaluated on the basis of some assumptions, attributing parts of 
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the enthalpies measured for salts to separate anion and cation contributions. Literature 
values show considerable variations and therefore the data from an evaluation based on 
the same TATB extrathermo-dynamic assumptions [26, 25, 24] have been taken for a 
comparison, which is displayed in Table 3. 

It is interesting to observe that experimental and simulation values converge 
with increasing charge of the cations. Whereas for mono- and divalent ions the ener- 
gies obtained by the simulation are in average 10 - 20% above the experimental enthal- 
pies, the differences become almost negligible for tervalent ions. As there are no me- 
thodical differences in the simulations, a different validity of the experimental as- 
sumptions for the ions under consideration may be held responsible. 



TABLE I. Structural data obtained by classical and ab ini-tio QM/MM MD simulations, and 
comparison with experimental values and classical simulations: alkaline and alkaline earth 



metal ions, Ag(I) and Hg(II) 



Ion 


Method 


Ri[A] 


Ni 


R2[A] 


N2 


Ref 


Li+ 


QM 


1.95 


4.2 


4 


— 


[21] 




Class 


2.05 


4 


4.5 


- 


[42] 




Exp 


2.25 


4 


4.44 


9.5 


[30] 


Na+ 


QM 


2.33 


5.6 


- 


- 


[41] 




Class 


2.36 


6.5 


- 


- 


[41] 




Exp 


2.41 


6 


- 


- 


[30] 


K+ 


QM 


2.81 


8.3 


- 


- 


[41] 




Class 


2.78 


7.8 


- 


- 


[41] 




Exp 


2.7 


6 


- 


- 


[30] 


Mg2+ 


QM 


2.03 


6 


4.12 


18.3 


[46] 




Class 


2.13 


8 


4.23 


26.6 


[46] 




Exp 


2.0 


6 


4.1 


12 


[30] 


Ca2+ 


QM 


2.46 


7.6 


4.78 


19.1 


[37] 




Class 


2.5 


7.1 


5 


14.8 


[37] 




Exp 


2.39 


6.9 


- 


- 


[30] 


Ag+ 


QM 


2.5 


5 


5 


25 


[34] 




Class 


2.6 


5 


4.8 


25 


[34] 




Exp 


2.42 


4 


4.29 


17.3 


[30] 


Hg2+ 


QM 


2.42 


6.2 


4.6 


22 


[34] 




Class 


2.46 


6 


4.8 


33 


[34] 




Exp 


2.41 


6 


4.1 


18.4 


[30] 
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TABLE 2. Structural data obtained by classical and ab initio QM/MM MD simulations, and 
comparison with experimental values and classical simulations: first-row transition m etal ions 
Ion Method Ri[A] Ni R 2 [A] N 2 Ref 





QM 


2 23 


6 


4.4 


15.8 


[23] 




Class 


2.31 


7 


4.85 


20.12 


[50] 




Exp 


- 


- 


- 


- 


- 




QM 


2.25 


6 


4.4 


15.9 


[22] 




Class 


2.35 


6.08 


4.77 


21.25 


[50] 




Exp 


2.2 


6 


4.34 


10.7 


PO] 


FeV 


QM 


2.1 


6 


4.5 


12.4 


[34] 




Class 


2.15 


6 


4.6 


12.9 


[34] 




Exp 


2.09 


6 


4.3 


12 


[30] 


Co^+ 


QM 


2.17 


6 


4.6 


15.9 


[34] 




Class 


2 27 


5.94 


4.6 


22.73 


[34] 




Exp 


2.1 


6 


4.28 


14.8 


[30] 


NiV 


QM 


2.14 


6 


4.5 


13 


[19] 




Class 


2 25 


6 


4.68 


16 


[19] 




Exp 


2.06 


6 


4.33 


12 


[30] 


CuV 


QM 


2.07/2.17 


6 


4.62 


11.7 


[34] 




Class 


2.12 


6 


4.72 


12.4 


[34] 




Exp 


1.94 


6 


3.95 


11 


[30] 


Ti3+ 


QM 


2.03 


6 


4.2 


11 


[34] 




Class 


2.08 


6 


4.8 


11.2 


[34] 




Exp 


2.0/2.08 


- 


- 


- 


[3] 


Fe’+ 


QM 


2.02 


6 


4.3 


13.4 


[34] 




Class 


2.05 


6 


4.3 


15.1 


[34] 




Exp 


2.01 


6 


4.8 


11.2 


[30] 


Co’+ 


QM 


1.97 


6 


4.3 


15.2 


[34] 




Class 


2.03 


6 


4.4 


18.8 


[34] 




Exp 


- 


- 


- 


- 


- 



TABLE 3. Hydration energies for transition metal ions obtained from QM/MM MD simula- 
tions in comparison to experimentally estimated ionic hydration enthalpies 
Ion Calc [kcal.mor*] Exp pccal.mol'’] [26] 



Ag+ 


-152 


-118 


v2+ 


-560 


-404 


Mn^ 


-550 


-447 


Fe^+ 


-500 


-465 


Co^+ 


-547 


-487 


Ci?+ 


-530 


-507 


Hg^H- 


-553 


-443 


Ti^+ 


-1086 


-1038 


Fe’+ 


-1100 


-1060 


Co’+ 


-1144 


-1122 
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7. DYNAMICS OF SOLVATION AND EXCHANGE PROCESSES 

As the dynamics of ligand exchange reactions at metal ions are one of the essential 
factors determining their chemical and biological (re)activity, they have been a 
prominent research topic in the past decades, mostly investigated by experimental tech- 
niques [30,15]. The time scale for the exchange of ligands in pure water spans from 
picoseconds to days, and the lower end is hardly accessible to spectroscopic tech- 
niques (a promising way though is femtosecond laser pulse spectroscopy in the fu- 
ture). Whenever the first hydration shell is very stable, second shell exchange proc- 
esses become of interest, again occurring in the ps range. Further, some investigations 
have shown that heteroligands bound to the cations may labilize an otherwise rather 
stable hydration shell, pushing the exchange rates to a much faster scale by several 
orders of magnitude [28]. 

Slow exchange processes are beyond the capability of today's accessible sim- 
ulation timescale, but the fast processes in the picosecond range, which are so hard to 
estimate by experimental means, are the ideal topic for investigations by MD meth- 
ods. As an accurate description of the molecular structure of the complexes and the 
acting forces in the system are a conditio sine qua non for the determination of ex- 
change processes, classical MD simulations cannot be regarded as suitable tool, and 
only the inclusion of quantum effects promises reliable data for the dynamics of these 
processes. 

Several exchange processes have been investigated, therefore, by means of ab ini- 
tio QM/MM MD simulations recently [36,18], and the data are compiled in Table 4. 
Besides the evaluation of vibrational spectra, exchange rates and mean residence 
times of ligands, the simulations also allow a very detailed visualization of the dynam- 
ics of hydrated ions. A new visualisation tool has been developed for this purpose, and 
example trajectory files are available to observe several characteristic processes at 
http://www.molvision.com . 

A most significant example of the need for quantum effects is the simulation of 
hydrated Cu(II). The well-known Jahn-Teller effect cannot be reproduced, as men- 
tioned previously, by a classical simulation, but it determines in a most crucial way the 
speed of ligand exchange, increasing it by a factor of almost 1000 compared to 
neighboring ions as Ni(II). 

The details of the dynamics of hydrated Cu(II) also show that the distortions of the 
basically octahedral arrangement of water ligands change much faster than estimated 
from experimental data [15], and that it is not always 2 ligands in trans-position which 
are located at "elongated" positions, although this configuration dominates in the case 
of Cu(II) - in contrast to Ti(III), where an equilibrium of several distorted species is 
present [34]. The mean life time of a specific Jahn-Teller distorted configuration lies 
between 30 and 200 femtoseconds, according to the simulation results. Figure 1 shows 
some snapshots of hydrated Cu(II) with differently distorted configurations. The mean 
residence time for a second shell water ligand is not much shorter than for Fe(II) or 
Co(II), indicating that the Jahn-Teller effect has not much influence on the second shell 
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of this ion. This seems to be different in the case of the also Jahn-Teller distorted hy- 
drated Ti(III) ion, where the mean residence time of second shell ligands is considera- 
bly shorter than that for Co(III) and Fe(III). At this time it should be mentioned that 
a Car-Parinello MD simulation of hydrated Cu(II) has predicted a 5-coordinated 
copper ion [32], in clear contrast to almost all experimental evidence and ab initio 
QM/MM MD simulations, thus indicating once more the tendency of the CP method 
to underestimate hydration numbers. 

TABLE 4. Mean residence times of water ligands in the first and/or second hydration shell of 

transition metal ions (in ps ) using r* = 2ps[l 7]. 

Ion 1st shell [ps] 2nd shell [ps] 



Li+ 


11 


— 


Agf 


1440 


10 


CaV 




17 




— 


18 


Mn^ 




24 


FeV 




24 


Co^+ 




26 


Cu^+ 




23 


Hg"+ 

TiV 


42 


1526 


FeV 


— 


48 


C6^+ 


- 


55 







^ - 



Figure 1. Snapshots of the dynamical Jahn-Teller effect in hydrated Cu(II), obtained by 
QM/MM MD simulation and visualised by MOLVISION®. (An animated color picture can 
be downloaded from www.molvision.com, where also a trajectory file for the full visualisation is 
available) 1st shell igands: dark grey, the larger and smaller size corresponds to ligands at 
shorter (2.05 A) and larger (2.25 A) distances; 2nd shell ligands: small, light grey bulk: only 
visualised as line models 
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8. LIMITATIONS OF THE METHOD AND OUTLOOK 

The very brief and exemplary presentation of results achieved by ab initio QM/MM 
MD simulations given here should have allowed a preliminary appreciation of the ca- 
pability of this method to perform "computer experiments" of remarkable accuracy in 
the elucidation of ion solvation phenomena. At the same time the present limitations 
in terms of size of the QM region and methodical accuracy (level of theory, basis sets) 
as well as length of the accessible time span have become visible. Even within these 
limitations, which are being quickly shifted to new frontiers by every improvement of 
computer speed and capacity, the simulation methods including quantum effects have 
been able to position themselves as one of the most powerful tools in solution chemis- 
try, often providing more detailed information about species formation, structure and 
dynamics in solution than most presently available experimental techniques. The 
"computer experiments" thus can be regarded as most instrumental for the interpreta- 
tion of spectroscopic data, for the elucidation of reaction mechanisms in solution, and 
for the stimulation of new experimental approaches in solution chemistry. 
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Abstract: The field of ab initio molecular dynamics, in which finite temper- 

ature molecular dynamics trajectories are generated using forces 
obtained irom electronic structure calculations performed “on the 
fly”, is a rapidly evolving and growing technology that allows 
chemical processes in condensed phases to be studied in an accu- 
rate and unbiased way. This article is intended to present the ba- 
sics of the ab initio molecular dynamics method and to highlight 
some recent trends. Beginning with a derivation of the method 
from the Bom-Oppenheimer approximation, issues including the 
density functional representation of electronic structure, basis 
sets, calculation of observables, and the Car-Parrinello extended 
Lagrangian algorithm and extensions of the latter are discussed. 



1. Introduction 

Modem theoretical methodology, aided by the advent of high speed computing, 
has advanced to a level that the microscopic details of chemical processes in 
condensed phases can now be treated on a relatively routine basis. One of the 
most commonly used theoretical approaches for such studies is the molecular 
dynamics (MD) method, in which the classical Newtonian equations of motion 
for a system are solved numerically starting from a prespecified initial state and 
subject to a set of boundary conditions appropriate to the problem. MD method- 
ology allows both equilibrium thermodynamic and dynamical properties of a 
system at finite temperature to be computed, while simultaneously providing a 
“window” onto the microscopic motion of individual atoms in the system. One 
of the most challenging aspects of an MD calculation is the specification of the 
forces. In many applications, these are computed from an empirical model or 
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force field, in which simple mathematical forms are posited to describe bond, 
bend, and dihedral angle motion as well as van der Waals and electrostatic in- 
teractions between atoms, and the model is parameterized by fitting to experi- 
mental data or high level ab initio calculations on small clusters or fragments. 
This approach has enjoyed tremendous success in the treatment of systems rang- 
ing from simple liquids and solids to polymers and biological systems such as 
proteins and nucleic acids. 

Despite their success, force fields have a number of serious limitations. First, 
charges appear as static parameters in the force field, and therefore, electronic 
polarization effects are not included. This limitation has long been recognized, 
and attempts to rectify the problem have been proposed in the form of so called 
polarizable models (see Ref [1] for a review), in which charges and/or induced 
dipoles are allowed to fluctuate in response to a changing environment. While 
these models have also enjoyed considerable success, they also have a number of 
serious limitations, including a lack of transferability and standardization. Sec- 
ond, force fields generally suffer from an inability to describe chemical bond 
breaking and forming events. The latter problem can be treated in an approxi- 
mate manner using techniques such as the empirical valence bond method [2] 
or other semi-empirical approaches. However, such methods are also not trans- 
ferable and, therefore, need to be reparameterized for each type of reaction and 
may end up biasing the reaction path in undesirable ways. 

Because of the limitations of force field based approaches, one of the most 
important recent developments in MD, which addresses these problems, is the 
so called ab initio molecular dynamics (AIMD) method [3-11], which com- 
bines finite temperature dynamics with forces obtained from electronic struc- 
ture calculations performed “on the fly” as the MD simulation proceeds (see, in 
particular, the recent excellent reviews by Marx and Hutter [10] and by Tuck- 
erman [12] for detailed discussions). Because the electronic structure is treated 
explicitly in AIMD calculations, many-body forces, electronic polarization, and 
bond-breaking and forming events are described to within the accuracy of the 
electronic structure representation. Moreover, the AIMD methodology can be 
easily extended to incorporate nuclear quantum effects via the Feynman path 
integral approach [13, 14], leading to the ab initio path integral (AIPI) tech- 
nique [15-18]. 

The AIMD and AIPI methods have been used to study a wide variety of 
chemically interesting and important problems in areas such as liquid structure, 
acid-base chemistry, industrial and biological catalysis, and materials. Appli- 
cations include (but are certainly not limited to) calculations of the structure 
and dynamics of water [19-31] and other hydrogen-bonded liquids [32-36], 
structure and dynamics in acidic [37-42] and basic solutions [43,44], proton 
transport in aqueous [45-49] and other environments [34, 35, 50-53] and in 
clusters [54-58], structure, proton order/disorder and dynamical properties of 
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ice [28, 59-67], structure of liquid silicates and glasses [68-76], mechanisms 
of Ziegler-Natta industrial catalysis [77-79] and other surface catalytic pro- 
cesses [66, 80-84] and polymer knotting [85-88], to give just a sampling of the 
application areas. More recently, AIMD methods have started to impact the bi- 
ological sciences and have been applied in calculations of NMR chemical shifts 
in drug-enzyme complexes [89], structure of nucleic acids [90], exploration of 
the design of possible biomimetics [9 1 , 92], and structure, dynamics and binding 
mechanisms in myoglobin [93,94]. In many of these applications, new physi- 
cal phenomena have been revealed, which could not have been uncovered using 
empirical models, often leading to new interpretations of experimental data and 
even suggesting new experiments to perform. 

Not unexpectedly, the power and flexibility of the AIMD (and AIPI) method- 
ology come at the price of a significant increase in computational overhead com- 
pared to force field based approaches. Whereas the latter can currently be ap- 
plied routinely to systems consisting of lO'^-lO^ atoms and access time scales 
on the order of tens of nanoseconds or longer, AIMD calculations can currently 
be applied routinely to systems of just a few tens or hundred of atoms and ac- 
cess time scales on the order of tens of picoseconds. Moreover, whereas force 
fields can be finely tuned for specific situations, the accuracy of AIMD calcula- 
tions is limited by the accuracy of the electronic structure method employed. 
Currently, the most commonly used electronic structure theory in AIMD is 
the Kohn-Sham formulation of the density fimctional theory (DFT) [95-97], in 
which the electronic orbitals are expanded in a plane-wave basis set. This pro- 
tocol provides a reasonably accurate description of the electronic structure for 
many types of chemical environments while maintaining an acceptable compu- 
tational overhead and constitutes the original Car-Parrinello (CP) formulation 
of the method [3]. Clearly, then, AIMD calculations are limited by the accu- 
racy of currently available density fimctionals. However, it is important to note 
that AIMD is a general approach that can be used with any electronic structure 
method, and a number of examples exist in the literature which employ more 
accurate or more empirical electronic structure representations [98, 99] as well 
as different basis sets [100-102]. 

The organization of this article is as follows. In Sec. 2, we shall begin with 
a derivation of the AIMD method starting from the Bom-Oppenheimer approx- 
imation and arriving at the classical equations of motion on the exact ground 
electronic surface. We shall then discuss, in Sec. 3, the use of the DFT repre- 
sentation of the electronic structure and various approximation schemes. Next, 
in Sec. 4, we will discuss different basis set expansions of the electronic orbitals 
and indicate the advantages and disadvantages of different choices. Following 
this, in Sec. 5, we will discuss the adiabatic dynamics method and its relation 
to the Car-Parrinello (CP) algorithm [3] for AIMD calculations. In Sec. 6, we 
will then discuss the calculation of observable properties. In particular, we will 
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focus on properties for which having direct access to the electronic structure, a 
unique feature of AIMD calculations, is important. These include IR and Raman 
spectra and NMR chemical shifts. 



2. The Born-Oppenheimer approximation and ab initio molecular dynam- 
ics 

We begin our discussion of AIMD by considering a system of N nuclei de- 
scribed by coordinates, Ri,...,Ra^ = R, momenta, Pi,...,Pat = P, and masses 
M\ , and Ne electrons described by coordinates, ri , rA^^ = r, momenta. 
Pi , '--^PA/e = P> and spin variables, = s. Throughout the discussion, we 

shall employ atomic units. The Hamiltonian of the system is given by 



H 



Y 2L + y El + y — \ + Y — 

7N + 7; + Fee(r) + rNN(R) + KeN(r,R) (1) 



where Z/ is the charge on the 7th nucleus. In the second line, 7 n, Te, Fee, Fnn, 
and FeN represent the nuclear and electron kinetic energy operators and electron- 
electron, electron-nuclear, and nuclear-nuclear interaction potential operators, 
respectively. In order to solve the complete quantum mechanical problem, we 
start by seeking the eigenfunctions and eigenvalues of this Hamiltonian, which 
will be given by solution of the time-independent Schrodinger equation 



[7n + T; + Fee(r) + Fnn(R) + Few(r, R)] 4^(x,R) = E^{x, R) (2) 

where x = (r,5‘) denotes the full collection of electron position and spin vari- 
ables, and 'F(x, R) is an eigenfunction of H with eigenvalue E. Clearly, an exact 
solution of Eq. (2) is not possible and approximations must be made. We first 
invoke the Bom-Oppenheimer approximation by recognizing that, in a dynami- 
cal sense, there is a strong separation of time scales between the electronic and 
nuclear motion, since the electrons are lighter than the nuclei by three orders 
of magnitude. In terms of Eq. (2), this can be exploited by assuming a quasi- 
separable ansatz of the form 



nx,R) = <Kx,R)x(R) 



(3) 



where %(R) is a nuclear wave function and c|)(x,R) is an electronic wave func- 
tion that depends parametrically on the nuclear positions. We note, at this point, 
that an alternative derivation using a fully separable ansatz to the time-dependent 
Schrodinger equation was presented by Marx and Hutter in Ref [10]. Substitu- 
tion of Eq. (3) into Eq. (2) and recognizing that the nuclear wave function x(R) 
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is more localized than the electronic wave function, i.e. V/x(R) V/(|)(x,R), 
yields 

[rc + Fco(r) + FeN(r,R)](Kx,R) [7 n + Fnn(R)]x(R) ... 
<t>(x,R) X(R) 

From the above, it is clear that the left side can only be a function of R alone. 
Let this function be denoted, e(R). Thus, 

[7; + Fee(r) + FeN(r,R)](|)(x,R) _ 



[rc + Kee(r) + FeN(r,R)]<t)(x,R) = e(R)(Kx,R) (5) 

Eq. (5) is an electronic eigenvalue equation for an electronic Hamiltonian, Hq{R) = 
Tq + Kee(r) + KeN(r,R) which will yield a set of normalized eigenfunctions, 
(|);,(x,R) and eigenvalues, £«(R), which depend parametrically on the nuclear 
positions, R. For each solution, there will be a nuclear eigenvalue equation: 

[7n + Knn(R) +e„(R)]x(R) =^X(R) (6) 

Moreover, each electronic eigenvalue, e«(R), will give rise to an electronic sur- 
face on which the nuclear dynamics is described by a time-dependent Schrodinger 
equation for the time-dependent nuclear wave function X{Rj): 

[Tn + Fnn(R) +e„(R)]X(R,t) = /|^(R,0 (7) 

will evolve. The physical interpretation of Eq. (7) is that the electrons respond 
instantaneously to the nuclear motion, therefore, it is sufficient to obtain a set of 
instantaneous electronic eigenvalues and eigenfunctions at each nuclear config- 
uration, R (hence the parametric dependence of (t)„(x,R) and e„(R) on R). The 
eigenvalues, in turn, give a family of (uncoupled) potential surfaces on which 
the nuclear wave fimction can evolve. Of course, these surfaces can (and often 
do) become coupled by so called non-adiabatic effects, contained in the terms 
that have been neglected in the above derivation. 

In many cases, non-adiabatic effects can be neglected, and we may consider 
motion only on the ground electronic surface described by: 

[7; + Kee(r)-f FeN(r,R)](t)o(x,R) = eo(R)(t>o(x,R) 



[rN + eo(R) + FNN(R)]^(R,0 = ijX{R,t) (8) 

Moreover, if nuclear quantum effects can be neglected, then we may arrive at 
classical nuclear evolution by assuming Z(R,i) is of the form 



( 9 ) 
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and neglecting all but the lowest order term, which yields an approximate equa- 
tion for5(R,/): 



//n(V,5,...,Vw5,R,,...,Ra,) + ^=0 (10) 

which is just the classical Hamiltonian-Jacobi equation with 

N p2 

//N(Pi,...,Pw,Ri,...,R/v) = I;^ + ^W4(R) + eo(R) (11) 

7=1 2M/ 

denoting the classical nuclear Hamiltonian. The Hamilton-Jacobi equation is 
equivalent to classical motion on the ground-state surface, iFo(R) = ^o(R) + 
IWi(R) given by 




P/ = -V/£o(R) (12) 

Note that the force — V/£'o(R) contains a term from the nuclear-nuclear repul- 
sion and a term from the derivative of the electronic eigenvalue, eo(R)- Because 
of the Hellman-Feynman theorem, the latter can be expressed as 

V/eo(R) = {(l)o(R)|V///e(R)lc|)o(R)) (13) 

Equations (12) and Eq. (13) form the theoretical basis of the AIMD approach. 
The practical implementation of the AIMD method requires an algorithm for the 
numerical solution of Eq. (12) with forces obtained from Eq. (13) at each step of 
the calculation. Moreover, since an exact solution for the ground state electronic 
wave function, |(l)o(R)} and eigenvalue, £o(R) are not available, in general, it is 
necessary to introduce an approximation scheme for obtaining these quantities. 
This is the topic of the next section. 

3. Representation of the electronic structure 

At this point, a simple form for £'o(R) could be introduced, giving rise to a 
force field based approach. Such a form would necessarily be specific to a par- 
ticular system and, therefore, not be transferable to other situations. If, on the 
other hand, one derives forces directly from very accurate electronic structure 
calculations, the computational overhead associated with the method will be 
enormous. It is clear, therefore, that the practical utility of the AIMD approach 
relies on a compromise between accuracy and efficiency of the electronic struc- 
ture representation based on available computing resources. One approach that 
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has proved particularly successful in this regard is the density functional the- 
ory (DFT). The DFT is based on the Hohenberg-Kohn theorem [103], which 
states that a one-to-one mapping exists between groxmd state electronic densi- 
ties and external potentials. The ground state density, no{r), is given in terms of 
the ground state wave function by 

«o(r)= X d'' 2 ---drNj<^o{r,s,r 2 ,S 2 ,...,rN„SN,)\^ (14) 

S,S2,...,SNe'^ 



(Here, r and s represent a single position and spin variable, respectively.) A con- 
sequence of the Hohenberg-Kohn theorem is that the exact ground state energy, 
eo(R), can be obtained by minimizing a certain functional, £[«] over all elec- 
tronic densities, n{r) that can be associated with an antisymmetric ground state 
wavefunction, |(|)o) of a Hamiltonian Hq for some potential Kcn (the so called 
v-representability conditions) subject to the condition that / dr n{r) = Nq. The 
theorem can also be extended to so called A/^-representable densities (obtained 
from any antisymmetric wavefunction) via the Levy prescription [96,97]. The 
functional e[n] is given as a sum T[n] -h W[n] + V[n], where T[n] and W[n\ rep- 
resent the kinetic energy and Coulomb repulsion energies, respectively, and 
= I LeN(r)Az(r). Although the functional T[n] + W[n] is a universal for 
all systems of Nq electrons, its form is not known. Thus, in order that DFT be of 
practical utility, Kohn and Sham (KS) introduced the idea of a non-interacting 
reference system with a potential Fks(r,R) such that the ground state energy 
and density of the non-interacting system equal those of the true interacting sys- 
tem [95]. Within the KS formulation of DFT, a set of single-particle orbitals, 
\|//(r), i = l,...,«occ with occupation numbers ft, where fi — is intro- 
duced. These are known as the KS orbitals. In terms of the KS orbitals, the 
density is given by 

Wocc 

«(••) = £y;i¥i(r)P (15) 

/=1 

and the functional takes the form 



£[{¥<•}] = -^X^(¥i|V^|¥,) + Y j 

+ Exc[n] + J drn{r)Vefi{r,R) 



= 7[,onint[{¥}] +^xcH + (16) 

The first term in the fimctional represents the quantum kinetic energy, the second 
is the direct Coulomb term from Hartree-Fock theory, the third term is the exact 
exchange-correlation energy, whose form is unknown, and the fourth term is the 
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interaction of the electron density with the external potential due to the nuclei. 
Thus, the KS potential is given by 



and the Hamiltonian of the non-interacting system is, therefore, 



(17) 



7/KS = -5V2 + FKs(r,R) (18) 

The KS orbitals will be the solutions of a set of self-consistent equations known 
as the Kohn-Sham equations [96, 97]: 



HKsV<W = e,V/(r) (19) 

where 8/ are the KS energies. The preceding discussion makes clear the fact 
that DFT is, in principle, an exact theory for the ground state of a system. 
However, because the exchange-correlation functional, defined to be 8 xc[a^] = 
T[n] - rnonint[{v}] + W[n\ ~J[n], is unknown, in practice, approximations must 
be made. One of the most successful approximations is the so called local den- 
sity (LDA) approximation, in which the functional is taken to be the spatial in- 
tegral over a local function that depends only on the density: 

ExcM j dr fioA{n{r)) (20) 

The LDA is physically motivated by the notion that the interaction between the 
electrons and the nuclei creates only weak inhomogeneities in the electron den- 
sity. Therefore, the form of /lda is obtained by evaluating the exact expressions 
for the exchange and correlation energies of a homogeneous electron gas of uni- 
form density n at the inhomogeneous density n{r). The LDA has been success- 
fully used in numerous applications of importance in solid state physics, includ- 
ing studies of semiconductors and metals. In many instances of importance in 
chemistry, however, the electron density possesses sufficient inhomogeneities 
that the LDA breaks down. This is particularly true in hydrogen-bonded sys- 
tems, for example. In such cases, the LDA can be improved by adding an addi- 
tional dependence on the lowest order gradients of the density: 

exc[«]« J c?r/GGA(«(r),|V/j(r)|,V^«(r)) (21) 

which is known as the generalized gradient (GGA) approximation. Among the 
most widely used GGAs are those of Becke [104], Lee, Yang and Parr [105], 
Perdew and Wang [106], Perdew, Burke and Erznerhof [107] and Cohen and 
Handy [108-110]. Typically, these can be calibrated to reproduce some subset 
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of the known properties satisfied by the exact exchange-correlation functional. 
GGAs such as these have been used successfully in nearly all of the applica- 
tion areas discussed in Sec. 1. However, GGAs are also known to underestimate 
transition state barriers and cannot adequately treat dispersion. Attempts to in- 
corporate dispersion interactions in an empirical way have recently been pro- 
posed [1 1 1]. In order to improve reaction barriers, new approximation schemes 
such as Becke’s 1992 functional [112], which incorporates exact exchange, and 
the so called meta-GGA fimctionals [113-1 16], which include an additional de- 
pendence on the electron kinetic energy density 

Wqcc 

T:(r) = (22) 

/=1 

have been proposed with reasonable success. However, the problem of design- 
ing accurate approximate exchange-correlation functionals remains one of the 
greatest challenges in DFT. 

Finally, in order to overcome the limitations of DFT in the context of AIMD, 
it is, of course, possible to employ a more accurate electronic structure method, 
and approaches using full configuration-interaction representations have been 
proposed [98]. Typically, these have a higher computational overhead and, there- 
fore, can only be used to study much smaller systems such as very small clusters. 
However, as computing platforms become more powerful and new algorithms 
are developed, it is conceivable that approaches other electronic structure meth- 
ods will be used more routinely in AIMD studies. 

4. Basis set expansions 

4.1. PLANE WAVE BASIS SETS 

In MD calculations, the most commonly employed boundary conditions are pe- 
riodic boundary conditions, in which the system is replicated infinitely in space. 
This is clearly a natural choice for solids and is particularly convenient for liq- 
uids. In an infinite periodic system, the KS orbitals become Bloch functions of 
the form 

V/k(r) = (23) 

where k is a vector in the first Brioullin zone and w/k(r) is a periodic function. A 
natural basis set for expanding a periodic function is the Fourier or plane wave 
basis set, in which w/k(r) is expanded according to 

».(■•) (24) 

where Q is the volume of the cell, g = 27ch”^g is a reciprocal lattice vector, h is 
the cell matrix, whose columns are the cell vectors (Q = det(h)), g is a vector 




62 



of integers, and {c)^g} are the expansion coefficients. An advantage of plane 
waves is that the sums needed to go back and forth between reciprocal space 
and real space can be performed efficiently using fast Fourier transforms (FFTs). 
In general, the properties of a periodic system are only correctly described if a 
sufficient number of k-vectors are sampled from the Brioullin zone. However, 
for the applications to be considered herein, which are largely concerned with 
nonmetallic systems, it is generally sufficient to consider a single k point, k = 
(0,0,0), known as the F-point (k = (0,0,0)), so that the plane wave expansion 
reduces to 

= (25) 

At the F-point, the orbitals can always be chosen to be real functions. There- 
fore, the plane- wave expansion coefficients satisfy the following property 



= ^i,-g ( 26 ) 

which requires keeping only half of the full set of plane-wave expansion coef- 
ficients. In actual applications, plane waves up to a given cutoff, |gp/2 < £cut, 
only are kept. Similarly, the density «(r) given by Eq. (15) can also be expanded 
in a plane wave basis: 

"(*■) = (22) 
g 

However, since n{r) is obtained as a square of the KS orbitals, the cutoff needed 
for this expansion is 4£’cut for consistency with the orbital expansion. 

Using Eqs. (25) and (27) and the orthogonality of the plane waves, it is 
straightforward to compute the various energy terms. The kinetic energy can be 
easily shown to be 

£ke = v;(r)VV,(r) = (28) 

^ i ^ i g 

where g = |g|. Similarly, the Hartree energy becomes 




dr dr' 



n{r)n{r') 

k-r'l 






(29) 



where the summation excludes the g = (0,0,0) term. 

The exchange and correlation energy, £xc['^] in the LDA or GGA, is evalu- 
ated on the real-space FFT grid so that it can be expressed as 



ExcH = T^X/GGA(«(r),|V/i(r)|,v2«(r)) 

2Vgrid r 



( 30 ) 
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where A/gnd is the number of real-space grid points. As was shown by White and 
Bird [1 17], the use of the grid eliminates the complexity of functional differen- 
tiation by allowing the contribution to the KS potential from £xc be computed 
from 



^ 9/gga 
dn(r) A/grid 



3/gga a|V«(rQ| 9 /gga 
^grid ,31Vn(r')l 8n(r) dV^n(r') 9n(r) 



(31) 



The gradient and (if needed) the Laplacian of the density can be computed effi- 
ciently using FFTs: 



V«(r) = I/ge'«''X«(r')e-'8-^ 

g r' 

V'«(r) = -£g2g/gr^„(r')e-'8'^ (32) 

g r' 

Equation (32) also shows how the derivatives needed in Eq. (31) can be easily 
computed using FFTs. 

The external energy is made somewhat complicated by the fact that, in a 
plane wave basis, very large basis sets are needed to treat the rapid spatial fluc- 
tuations of core electrons. Therefore, core electrons are often replaced by atomic 
pseudopotentials [118-120] or augmented plane wave techniques [121]. Here, 
we shall discuss the former. In the atomic pseudopotential scheme, the nucleus 
plus the core electrons are treated in a frozen core type approximation as an 
“ion” carrying only the valence charge. In order to make this approximation, 
the valence orbitals, which, in principle must be orthogonal to the core orbitals, 
must see a different pseudopotential for each angular momentum component in 
the core, which means that the pseudopotential must generally be nonlocal. In 
order to see this, we consider a potential operator of the form 

^pseud = X S (33) 

l=0m=-l 

where r is the distance from the ion, and \lm){lm\ is a projection operator onto 
each angular momentum component. In order to truncate the infinite sum over 
I in Eq. (33), we assume that for some / > /, v/(r) = vj{r) and add and subtract 
the function vj{r) in Eq. (33): 

^pseud — X X (''z(^) ~ + ''/(0 S X 
l=0m=-l l=0m=-l 
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= i i(v/M-vKr))M(H + vKr) 

l=Om=-l 

~ X X ^vi{r)\lm){lm\ + vj{r) (34) 

l=zOm=—l 



where the second line follows from the fact that the sum of the projection op- 
erators is unity, Av/(r) = v/(r) — V[{r), and the sum in the third line is truncated 
before Av/(r) = 0. The complete pseudopotential operator will be 



N 



^scud(^>Rl ? ^ 

/=! 



/-I 



vioc(|r - R/|) + X ~ (^"*1 

1=0 



(35) 



where vioc(^) = vj{r) is known as the local part of the pseudopotential (having 
no projection operator attached to it). Now, the external energy, being derived 
from the ground-state expectation value of a one-body operator, will be given 

by 

^ext — ^y!'(V/|^seud|V/) (36) 

i 

The first (local) term gives simply a local energy of the form 

N . 

£|oc = X / (^”^) 

/=! •' 

which can be evaluated in reciprocal space as 

Eloc = i X X "g^loc (38) 

g 

where Pioc(g) is the Fourier transform of the local potential. Note that at g = 
(0,0,0), only the nonsingular part of i^oc(g) contributes. In the evaluation of 
the local term, it is often convenient to add and subtract a long-range term 
of the form Z/erf(a/r) /r, where erf(x) is the error fimction, each ion in or- 
der to obtain the nonsingular part explicitly and a residual short-range function 
i^oc(k-R/|) = vioc(|r-R/|) -Z/erf(a/|r-R/|)/|r-R/| for each ionic core. 
For the nonlocal contribution, Eq. (25) is substituted into Eq. (35), an expansion 
of the plane waves in terms of spherical Bessel functions and spherical harmon- 
ics is made, and, after some algebra, one obtains 

£nl = gVNL(g>gO<^/,g'^*®' 

' I g-g' 



( 39 ) 
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where 

VNL(g,g') = X / ji{gr)ji{^r)^vi{r) 

l=Om=-r 

X r,„(0g,(i)g)r/;(eg.,(t.gO (40) 

where 0g(6gO and (|)g((|)g') are the spherical polar angles associated with the 
vector g(g'), Yim are the spherical harmonics, and Ji{x) is a spherical Bessel 
function. Eq. (40), which is known as the semi-local form, shows that the eval- 
uation of the nonlocal energy can be quite computationally expensive. It also 
shows, however, that the matrix element is almost separable in g and ^ depen- 
dent terms. A fiilly separable approximation can be obtained by writing 

VNL(g,gO = ^ I dr [ dr' r^ji{gr)ji{g'r')Av,{r)^^^^-^ 

l= 0 m=-l-' 

X (41) 

where a radial 5-function has been introduced. Now, the 5-function is expanded 
in terms of a set of radial eigenfunctions (usually taken to be those of the Hamil- 
tonian from which the pseudopotential is obtained) for each angular momentum 
channel 

= (42) 

n =0 

If this expansion is now substituted into Eq. (41), the result is 

VNL(g,g') = (47 t)^£X X 

/i=0/=0m=— / L 

X / dr'r^j,{g'r')Y/’„{d^,<^^.n„iir') (43) 

which is now fully separable at the expense of another infinite sum that needs 

to be truncated. The sum over n can be truncated after a finite number of terms, 
although some care is required in order to effect the truncation, the so called 
Kleinman-Bylander approximation [122] is the result of truncating it at just a 
single term. The result of this truncation can be shown to yield the approximate 
form: 




^4L(g,g') 



(4k)^X X ^im / drr^ jl{gr)^Vl{r^*l{r)Yl„{Q^,<^f^) 

l=0m=-l 

J dr' r'^Av/(r')y/(gV)y;„(eg-,<t)gO({)/(r') 



X 



(44) 
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where 

Nim = J (|)/*(r)Av/(r)(j)/(r) (45) 

and (|)/(r) = (t)o/(^)- Finally, substituting Eq. (44) into Eq. (39) gives the nonlocal 
energy as 

Ne N /-I / 

eNL = IIi; X (46) 

/=l/=l/=0m=-/ 

where 

Zmm='Zc‘^e‘^-^'Pi„{s) (47) 

g 

and 

J drr^Ji{gr)Avi{ur)^t{r)Yi„{Q^,(^g) (48) 

For certain elements, it has been shown that the simple Kleinman-Bylander 

form can lead to spurious or unphysical bound states known as ghost levels. 
Refs. [123, 124] contains analyses and techniques for treating spurious ghost 
states. Alternatively, ghosts can be eliminated by taking more terms that just the 
first in Eq. (43) [125] or working directly with the semilocal form. 

The last issue we shall discuss is that of boundary conditions within the 
plane wave description. Plane waves naturally describe fully periodic systems, 
such as solids, or systems that can be treated with periodic boundary conditions, 
such as liquids. What if we wish to treat a systems, such as cluster, surface, or 
wire, in which one or more boundaries is not periodic? It turns out that such 
situations can be treated rigorously within the plane-wave formalism. One ap- 
proach is based on a direct solution to the Poisson equation in a box containing 
the cluster [126, 127]. Here, we shall discuss a simpler and more direct approach 
developed by Martyna and Tuckerman [128-130], which involves the use of a 
screening function in the long-range energy terms, i.e. the Hartree and local 
pseudopotential terms. The idea is to use the so called first image form of the 
average energy in order to form an approximation to a cluster, wire, or surface 
system, whose error can be controlled by the dimensions of the simulation cell. 
Thus, given any density, Az(r), and any interaction potential, (|)(r — i^), the aver- 
age potential energy in this approximation is given by 

= (49) 

where $(g) is a Fourier expansion coefficient of the potential given by 

_ rt-c/2 pLly/l pLal^ 

0(g) - dz dy dx 

J~Lc/2 J-Lt,/2 J-LJ2 



(Cluster) (50) 
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(l-cl'i- rm'i /•” 

(Kg) = dz dy dx<Sf{r)e-'^'^ (Wire) (51) 

J-Lcl2 J-Lh/2 7-00 

0(g) = / (fz / dy f rf;c (|)(r)e“'® (Surface) (52) 

J — Lc/2 J —oo J — oo 

Here, La, Lb, and Lc are the dimensions of the simulation cell (assumed to be 
orthorhombic for simplicity) in the x, y, and z directions (h = diag(Lo,L^,Lc)). 
Note that, unlike Eq. (29), the g = (0,0,0) term is not excluded. In order to 
have an expression that is easily computed within the plane wave description, 
consider two functions c|)0®”s)(r) and (|)(**^°*^)(r), which are assumed to the long 
and short range contributions to the total potential, i.e. 

(Kr) = (t)C«"e)(r) + (|)(®''°«)(r) 

0(g) = ^('“"8)(g)+$(shon)(g) (53) 

We require that (r) vanish exponentially quickly at large distances from 
the center of the parallelepiped and that (r) contain the long range depen- 
dence of the full potential, (|)(r). With these two requirements, it is possible to 
write 

^(short) /g^ _ f exp(-/g • (r) 

JD(a) 




= $(*‘'°«)(g) + e(g) (54) 

with exponentially small error, £(g), provided the range of (r) is small 
compared size of the parallelepiped. In order to ensure that Eq. (54) is satisfied, 
a convergence parameter, a, is introduced which can be used to adjust the range 
of (|)(^^°^)(r) such that e(g) ~ 0 and the error, e(g), will be neglected in the 
following. 

The function, $^^^°*^^(g), is the Fourier transform of (t>(^^°*^)(r). Therefore, 
0(g) = 0('°"®)(g) + 0('‘’°^Hg) (55) 



= 0^'“"®^ (g) - 0^'°"®^ (g) + 0^^”°^’ (g) + 0''°"®^ (g) 



= )(g)-f$(g) 

where $(g) = (g) + (g) is the Fourier transform of the foil potential, 

<Kr) = (t>(®'’°'')(r) -l-(l)('°"e)(r) and 

^(screen)(g) ^ ^(.ong) (g) _ ^(long) (g) _ 



( 56 ) 
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Thus, Eq. (56) becomes leads to 

(<!>> = 

The new function appearing in the average potential energy, Eq. (57), is the dif- 
ference between the Fourier series and Fourier transform form of the long range 
part of the potential energy and will be referred to as the screening function be- 
cause it is constructed to “screen” the interaction of the system with an infinite 
array of periodic images. The specific case of the Coulomb potential, 

(t>(r) = i (58) 

can be separated into short and long range components via 

1 ^ erf(gr) ^ erfc(a/-) 
r r r 

where the first term is long range. The screening function for the cluster case 
is easily computed by introducing an FFT grid and performing the integration 
numerically [128]. For the wire [130] and surface [129] cases, analytical expres- 
sions can be worked out and are given by 



^(-een)(g) = {^OS ( 



Sc^c 



(60) 



a?-L,- 



^(S'reen)(g) = ^ [cxp (-g^/4a^) £(a,Z.6,gi)£(a,Z,c,gc) 

o 

+ cos ^ exp (-g^/4a^) I{a,Lb,Lc,gc) 

+ cos ^ exp (-gi/4a^) I{a,Lc,Lb,gb) 

4n 

- -je 
8^ 



=-p(-^)-i=xp(-?|i)erfc( 
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(Wire) 




where 
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and 



J{a,LuL2,g) = ^ 

'X^L + ig\ 



E{X,L,g) = erf 



IX I 



(62) 

(63) 



where g = (ga,gbtgc) and = y^g^+^- The one-dimensional integrals in 
Eq. (62) are well suited to be performed by Gaussian quadrature techniques. It 
should be noted that a simplified expression for the surface screening function 
can be obtained in the limit a — > oo [10, 129, 131]: 



^(screen) = 




(64) 



However, as is discussed Ref [129], some care is needed for = 0. Moreover, 
the wire screening function also simplifies in the limit a — > to 



^screen 




gbXb 

2 



'^(gdgatXoXb) 

Lb 



+ cos 



gcLp 

2 



'L{gbigafLb,Lc) 

Lc 



4n 
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where 



J{g\,g2,MM) = ^ dxe'^'^ y/Q[x,gi,L2)K\ {yAQ[x,g2,L2)) 



Q{x,g,L) = 

and K\ (z) is a modified Bessel function. 



l+Ax'^/L'^ 



( 66 ) 

(67) 



4.2. GAUSSIAN BASIS SETS 

There is a great advantage to be gained by the use of localized basis sets over a 
delocalized basis like plane waves. In particular, the computations scale better 
for well localized orbitals. One of the most widely used localized basis sets is 
the Gaussian basis. In a Gaussian basis, the KS orbitals are expanded according 
to 



( 68 ) 
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where the basis function, G<xpy(r;R) are centered on atoms and, therefore, are 
dependent on the positions of the atoms. The basis functions generally take the 
form 

Gapy(r; R/) = Af„pyx“/z^exp |r - R/p/2a^p^J (69) 



with integer a, p, and y for Gaussian centered on atom I. The advantage of 
Gaussians is that many of the integrals appearing in the DFT functional (and 
in other electronic structure methods) can be done analytically. The main dis- 
advantage, however, is that Gaussian basis sets are nonorthogonal and, hence, 
the overlap matrix between basis functions needs to be included in the various 
energy terms. Moreover, being dependent on atomic positions, the derivatives 
of the basis functions with respect to positions need to be computed. This leads 
to a considerable degree of complication for molecular dynamics. Finally, with 
Gaussian bases, it is difficult to reproduce the correct asymptotic behavior of the 
density, and one must always be aware of the effects of basis set superposition 
errors. Many of these problems can be eliminated by choosing to work with a 
simpler localized orthonormal basis set to be discussed in the next subsection. 



4.3. DISCRETE VARIABLE REPRESENTATIONS 

While the plane wave basis set has the advantage of simplicity and the lack 
of spatial bias inherent in Gaussian basis sets, they lead to 0[N'^M) scaling 
for DFT calculations, where N is the number of electronic states and M is the 
number of basis functions. Moreover, because they are spatially delocalized, 
they are not optimal for use on emerging massively parallel computing archi- 
tectures because of their high communication overhead. As noted above, the 
problem of delocalization is largely eliminated with Gaussian basis sets at the 
expense of considerably increased complexity due to the nonorthogonality of 
the basis functions and the introduction of basis set superposition error. A sig- 
nificant advantage might be gained if the localized character of Gaussian basis 
sets could be achieved using simple, orthonormal basis functions that are not 
centered on atomic positions, thereby avoiding the complexity of Pulay forces. 
In fact, such a basis set is possible in the form of the discrete variable repre- 
sentation (DVR) [132-136], and implementation of AIMD with DVR basis sets 
was recently introduced [102]. A one-dimensional DVR is composed of a set of 
N functions, w/(x), / = 1, ...,A^ and a set of N grid point, x/, such that the basis 
functions satisfy a Kroenecker 5 property: 



Ui{xj) = ^ (70) 

at 

is satisfied on the grid points. Here, a, is a generally complex number such that 
w/ = |a/p defines a set of quadrature weights. Therefore, the DVR functions 
behave as coordinate eigenfunctions on a particular grid. In this sense, they are 
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the real-space analogs of plane waves, which are momentum eigenfunctions. 
Moreover, they can be constructed in such a way that each DVR function is well 
localized about a point on the grid. DVRs are commonly used in accurate bound- 
state and scattering calculations [132-136] and have been recently adapted for 
use in DFT based electronic structure calculations [102]. The basis functions 
then satisfy orthogonality and completeness relations of the form 

N 

*=1 

N 

Y,Wkul{xi)uk{xj) = 5,7 (71) 

A:=l 

An important property of a DVR is that any position-dependent operator flt(x) 
is approximately diagonal DVR basis set. By defining a projection operator, 
Pn = |Wi)(wy|, it can be shown that 

{Ui\PNO.{x)PN\Uj) = Q.{Xi)dij 
(M/|n(:»c)|My) « ^{Xi)5ij 

lim {m,|Q(jc)|m7) = £2(x,)5,7 (72) 

yV— »oo 

SO that as the basis set size approaches infinite, position-dependent operators 
become exactly diagonal. 

DVR functions that satisfy Eq. (70) can be constructed from simpler basis 
functions according to the boundary conditions of the problem. For example, a 
DVR appropriate for periodic boundary conditions on a one-dimensional grid 
of N points can be constructed from a sum of cosine functions according to 

(x) = \f^'L cos[kx{x -X,)] (73) 

where kx = 2n{X — N' — 1)/L, A,,/ = 1, ...,Vand V' = (V— l)/2, while a fixed- 
node DVR appropriate for a one-dimensional cluster system can be constructed 
from sine functions according to 

(x) = X 

where k\ = nk/L, X= 1, ...,V. Finally, a useful basis set for expansion of the 
KS orbitals can be constructed from a direct product of these one-dimensional 
DVRs according to 



( 75 ) 
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where a, b, and c indicate the type of fimction used, i.e. periodic (per) or cluster 
(clus). Thus, the basis functions can be tailored for different types of boundary 
conditions, e.g. a periodic DVR in one dimension and cluster DVRs in the other 
two could yield a basis set appropriate for surface calculations, etc. Once a direct 
product basis set is chosen, the KS orbitals are expanded according to 

V,(r) = I (76) 



where is a set of expansion coefficients. 

Specific terms in the energy functional follow directly from the form of the 
basis functions. Thus, the kinetic energy can be expressed analytically as 



£ke = m 

i /,/' m,m' «,«' 






where the kinetic energy matrix has the highly sparse form 
where the one-dimensional matrices are given by 



.(per) _ , 



-(¥)2(-ir'’'cos[!^] 



n = n 






for periodic and 



> 2 “’ = < 






3 



(-ir-" n^f 1 1 1 



n = n 



n^n' 



(77) 



(78) 



(79) 



(80) 



for fixed-node DVRs, respectively. Terms in the functional involving the elec- 
tron density can be computed by substituting Eq. (76) into Eq. (15): 



«(«•) = £ 

/=1 






l^m,n 



(81) 



The resulting expression simplifies considerably when the density is subse- 
quently evaluated at the points of the DVR grid, and the latter are all that is 
required for computing energies and forces. The gradient of the density, which 
is needed for GGA fimctionals, is computed by differentiating Eq. (81) and 
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evaluating the result at the DVR grid points. Resulting derivatives of the DVR 
functions are computed once in the beginning and stored on one-dimensional 
grids. A simplifying approximation to this approach can also be introduced by 
postulating a similar DVR expansion for the density 

«(r) = X ^lnm^lmn{r) = X ^lmnUl{x)Vmiy)qn{z) (82) 

l,m,n 

This allows the gradient of the density to be computed according to 

^n{xi,y„,z„) = (83) 

/' m' n' 

Here, again, the derivatives of the DVR functions can be computed once at the 
beginning of a simulation and the values stored on one-dimensional grids. Our 
experience, thus far, is that the approximation in Eq. (83) tends to converge the 
total energy with the same number of grid points as the exact method, however, 
the errors in the exact method are smaller for DVR grids with fewer points. The 
nonlocal part of the pseudopotential is also evaluated in real space using the 
expansion coefficients of the KS orbitals. In principle, the Hartree energy could 
also be evaluated in real space using fast multipole moment (FMM) techniques. 
However, for simplicity, we choose to employ a hybrid approach in which the 
Hartree energy and long range part of the local pseudopotential energy are eval- 
uated in reciprocal space using the screening function methodology described 
in Sec. 4. 1 . The short range part of the local pseudopotential is still evaluated in 
real space. This involves the evaluation of only two FFTs, one to obtain the den- 
sity in reciprocal space and the other to transform the long-range contributions 
to the KS potential back to real space. 

5 . The Car-Parrinello Algorithm 

5.1. THE BASIC ALGORITHM 

In order to obtain the ground state energy and forces, the KS functional must be 
minimized over the set of single-particle orbitals subject to an orthonormality 
condition 

(V<iVy) = 8,7 (84) 

Moreover, in order to combine this minimization with the nuclear dynamics of 
Eq. (12), it is necessary to carry out the minimization at each nuclear config- 
uration. Thus, if Eq. (12) is integrated in a MD calculation using a numerical 
integrator, then the minimization would need to be carried out at each step of 
the MD simulation and the forces computed using the orbitals thus obtained. 

Although a step-by-step minimization is an acceptable method for perform- 
ing AIMD simulations, its use can have a high computational overhead if ac- 
curate energy conservation is desired [10]. In 1985, Car and Parrinello (CP) 
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showed that this coupling between nuclear time evolution and electronic min- 
imization could be treated efficiently via an implicit adiabatic dynamics ap- 
proach [3]. In their scheme, a fictitious dynamics for the electronic orbitals is 
invented which, given orbitals initially at the minimum for an initial nuclear 
configuration, allows them to follow the nuclear motion adiabatically, and thus, 
be automatically at the approximately minimized configuration at each step of 
the MD evolution. 

In order to understand how the CP scheme works, consider a simple model 
system with two degrees of freedom, x andy, described by a Hamiltonian H = 
pl/2mx + p\/2my + V{x^y) with nix < nty. Suppose, further, that x and y are 
maintained at separate temperatures 7^ and 7^, via a thermostat coupling, such 
that Tx<^Ty. The resulting dynamics under these conditions can be analyzed in 
a rigorous manner [18]. The essence of the analysis is that the y motion can be 
shown to be driven by a time-averaged force over the x motion. That is, if A/ is a 
time interval characteristic of the y motion, then a numerical evolution step for 
y appears as [137]: 

At 

y{At) = y{0) + Atvy{0) + — [xadbW0),V;,(0),X0));;] (85) 

nty J 0 

where JCadb(-*(0), Vx(0),jv(0); r) denotes the adiabatic evolution of x up to a time 
t < Ar/2 starting from initial conditions x(0), V;c(0) at fixed =y(0). If the sys- 
tem is assumed to be ergodic, then the time average in Eq. (85) can be replaced 
by a phase space average at fixed y [137], 



AT 



/• A//2 

dt Fy [xadb(jc(0),V;t(0),y(0));r] 



/ dxFy{x,y)e 



( 86 ) 



The averaged force is derivable from {Fy{x,y)) = {d/dy){\/^x) InZ^tCy; Px) where 



ZxO;Px) = |c/xe-P^’'(">>'> (87) 

from which it follows that the probability distribution ofy in configuration space 
is P{y) «: (/ dx exp[-Pa:l^(-x,y)])l^->'/P% where = \/kTx and P^ = \/kTy. In 
the limit, — > 0, P;t -^ <», the distribution can be shown to reduce to P(y) 

exp[-P^minxF(x,y)j, where the potential is minimized with respect to x at 
fixed y. This means that y can be described by an effective Hamiltonian Hy = 
llrtiy + min^: V {x,y ) , which is the desired form for AIMD. That is, for Tx<^Ty, 
only very fluctuations about mi^ V (x,y) will contribute to the distribution, and 
y will move on a very good approximation to the correctly minimized surface. 
As an example illustrating good vs. poor adiabatic following for this simple x-y 
problem, the reader should see Fig. 10 of Ref. [137]. The dynamics of x will 
be a fictitious, adiabatic dynamics in this case that only serves to generate the 
approximately minimized potential at each value ofy. 
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This idea can be realized in AIMD is controlled by introducing a fictitious 
dynamics for the electrons (analogous to ;c) via a set of orbital “velocities” 
{\jf,(r)} and a fictitious electronic “kinetic energy” (not to be confused with 
the true quantum kinetic energy) given by 

^fict=/^X(V.IV.) (88) 

i 



where /i is a fictitious mass parameter (having units of energy xtime^) that con- 
trols the time scale on which the electrons “evolve” with the condition that 
Feiec ^ Tion- The orbitals are incorporated into an extended dynamical system 
described by a Lagrangian [138] of the form [3]; 

T=/^X(¥/l¥/) + 5iM/R^-£[{v},R]-HX[Av((¥/|Vy> -5/y)l (89) 

/ ^ I=\ ij 

where £[{\|/},R] = e[{\|/},R] -f Knn(R)- Here Fnn(R) is now the electrostatic 
ion-ion repulsion. The matrix A/y is a set of Lagrange multipliers introduced 
in order to ensure that the condition (V/lvi/y) = 5/y is satisfied dynamically as 
a constraint. This Lagrangian specifies the true dynamics of the ions and a 
fictitious adiabatic dynamics for the electrons that generates the instantaneous 
forces on the ions from the approximately minimized electronic configuration, 
for the electrons that The equations of motion are obtained firom the usual Euler- 
Lagrange equations: 



^/?V8v;(r)y 8\|f;(r) 



d r dL 



dL 



= 0 



dt \dki) dR, 
which gives the following coupled dynamical equations of motion: 
M/R/ = -V/£[{xi/},R] 



(90) 



(91) 



These are known as the Car-Parrinello (CP) equations. The electronic equation 
can also be written in an abstract bra-ket form as: 



( 92 ) 
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Note that 3£’/3(\|//| can be represented as — /iTicsIV/)? where //ks is the Kohn- 
Sham Hamiltonian discussed above, which, in the present case is given by 



^KS 






ir-r'l 



+ 



8Exc 

8«(r) 



+ Fex,(r,R) + FNL(R) 



(93) 



In reality, Eq. (92) formally represents an equation of motion for the expan- 
sion coefficients of the orbitals. Thus, for plane wave and DVR basis sets, the 
equation of motion reads: 







j 






dE 

dci: 



Imn 



+l^ucL 



(94) 



respectively. For Gaussian basis sets, the equations of motion are somewhat 
more complicated by the position dependence of the basis functions and their 
nonorthogonality and, therefore, will not be discussed here. Below, an algo- 
rithm [139] for integrating the CP equations subject to the orthonormality con- 
straint will be presented. 

Beginning with an initially minimized set of Kohn-Sham orbitals, {|v|//(0))} 
corresponding to an initial nuclear configuration, R(0) and initial velocities, 
{\j//(0))}, R(0), the first step is a velocity update: 



|vi/|')(0)) = |v,(0)) + ^|9,(0)) 

R/(A//2) = R;(0) + ^F/(0) J=l,...,N 

followed by a position/orbital update: 

lv<) = |v(/,(0))+A/|\i/|'^) /=l,...,nocc 



(95) 



R/(At) = R/(0)+AtR,(Al/2) (96) 

where |cp/(0)) = (3£'/3(v|//|)|/=o is the initial force on the orbital, |\|//). At this 
point, we do not yet have the orbitals at / = A/ or orbital velocities at r = A//2 
because the constraint force A/y|\)/y) needs to be applied to both the orbitals and 
orbital velocities via the Lagrange multiplier matrix. This is accomplished by 
enforcing the orthogonality constraint on the orbitals at / = A/: 

(\|/,(A/)|\|/y(A/)) = 8iy 



(97) 
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where 

IV-(Ai)) - l¥() + X^ylV;(0)) (98) 

J 

where = {At^ /2ju)Aij. The multipliers, are determined such that Eq. (97) 

is satisfied. Substituting Eq. (98) into Eq. (97) yields a matrix equation for the 
Lagrange multipliers: 



XX'’' -f XB -f + A = I (99) 

where Aij = (Vil^y) and By = (\|//(0)l\j/y). Noting that A = 74- 0{At^) and 
B = 7-f 0{At), the matrix equation can be solved iteratively via 

X„+, = i [I - A + X„(I - B) + (/ - B^)4 - X^] (100) 

Starting from an initial guess 



Xo = ^(I-A) (101) 

Once the matrix Xy is obtained, the orbitals are updated using Eq. (98) and an 
orbital velocity update 



l¥p’> - l¥|'^) + L XAiy|V;(0)} (102) 



is performed. 

At this point, the new orbital and nuclear forces, |(p,(A/)) and F/(A/), are 
calculated, and a velocity update of the form 

1#) = |#) + ^l9,(A/)) /=l,...,«occ 

R/(Ar) = R/(Ai/2) + ^F,(A0 (103) 

is performed. Again, we do not have the final orbital velocities until an appro- 
priate constraint force is applied. For the velocities, the appropriate force is the 
first time derivative of the orthogonality constraint: 

(¥<(A0l¥y(A/)) + (V,(A0l¥y(A/)) = 0 (104) 

where 

|\i/,(A/)> = |¥f') + Xi^;l¥/(Ai)) 



(105) 
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and Yij are a new set of Lagrange multipliers for enforcing the condition Eq. 
(104). Substituting Eq. (105) into Eq. (104) gives a simple solution for Yif 



Y = -i(C + C^) 



(106) 



where Qj = (\i//(A/)|\j/P^). Given the matrix, Yij, the final orbital velocities are 
obtained via Eq. (105). 

Under certain circumstances, the orthonormality constraint can become de- 
pendent on atomic positions, in which case, the basic CP algorithm acquires 
another level of complexity. The position dependence can come about, for ex- 
ample, when Gaussian basis sets are used. It can also occur when using the so 
called ultrasoft pseudopotential scheme [120, 140, 141], in which the standard 
orthogonality constraint is replaced by a more general constraint of the form 

{^^fi\B{R)\^^fJ)=8iJ (107) 

resulting from a relaxation of the norm-conservation condition. Here, 5 is a 
position-dependent operator required in the pseudopotential formulation. For 
details of this scheme, the interested reader is referred to Ref. [120, 140, 141]. 
Defining the general overlap matrix as Sij(R) = (\|//|5(R)|\|/y), which reduces 
to the ordinary overlap when ^ = /, it is clear that whenever S is position depen- 
dent, the CP equations need to be modified to read [140-142] 






M/R/ 






dE 

a(v/l 



+ XAy5(R)|x|/,) 



+XA,te|V,i(R)|VjX108) 



hj 



OR/ 






which includes a contribution to the nuclear equation of motion from the con- 
straint. Because the constraint is now coupled to both the electronic and nuclear 
equations of motion, it is necessary to iterate the constraint procedure through 
the nuclear update [141, 142], which can have a high computational overhead. 
One way to overcome this problem is to employ nonorthogonal orbitals as de- 
scribed in the next section. 



5.2. NONORTHOGONAL ORBITALS 

As alluded to above, the reformulation of the electronic structure problem in 
terms of a set of nonorthogonal orbitals has a number of advantages in AIMD, 
in particular, it can simplify the problem of a position-dependent overlap matrix. 
It can also aid in the control of adiabaticity as will be discussed in Sec. 5.3. The 
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standard orthogonal orbitals |\|//) may be transformed to a set of nonorthogonal 
orbitals |(|)/) via a transformation of the form 

IV<)=Il<l>y>7}, (109) 

J 

where the matrix T is defined to be 

T = 0"'/^ (110) 

where O is the overlap matrix with respect to the nonorthogonal orbitals: 

0,, = ((t),|5(R)|(l)y) (111) 

Note that if B = I, O is just the standard overlap of the nonorthogonal orbitals. 
It is easily verified that the this transformation preserves the generalized orthog- 
onality of the original orbitals. 

For use in the CP equations of motion, we begin with an extended La- 
grangian of the form [142] 

i -/XMy,((|),|//Ks|(t)y) +S^o„[{(t)}] (112) 

/ ^ / ij a 

where M = and uniform occupation number, fi = f have been assumed. 
The case of unequal occupation numbers is more complicated but can, nev- 
ertheless, be formulated as a nonorthogonal orbital scheme. For details, see 
Ref [143]. In Eq. (112), the fictitious kinetic energy is expressed directly in 
terms of the nonorthogonal orbitals, and the energy functional is expressed in 
terms of the nonorthogonal orbitals via the transformation in Eq. (109). The last 
term in Eq. (112) involves an arbitrary set of constraint, cJa[{<t^}], « = 1, ...,A/c 
enforced by a set of Lagrange multipliers, {X«}. The introduction of a con- 
straint into the CP dynamics is done as a means of preventing the orbitals from 
becoming linearly dependent as the dynamics proceeds. The precise form of 
the constraint is not particularly important and, therefore, can be chosen to be 
simpler than the generalized orthogonality constraint obeyed by the original or- 
bitals. This method is known as the constrained nonorthogonal orbital (CNO) 
approach [142]. Three possibilities are a simple orthogonality constraint: 

(<t»/l<l>y) = 8,7 (113) 

which involves «occ x '^occ constraints, a simple norm constraint: 

(4>/|<t>,) = 1 (114) 

which involves just «occ constraint, or a single constraint of the form 

~ ^occ 



(115) 
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Finally, it is easily verified that the energy derivatives required for the CP equa- 
tions of motion are 

/I -l5lv|/*)(Vtl^Ksl¥;)^ Tji 

/X ^(V/iV/^KslVi) - X(V7iV/5|Vy)(\l/;l^KslY<)^ (1 16) 

expressed in term of matrix elements and derivatives involving the original or- 
bitals. The use of the CNO method with a simple constraint such as the norm 
constraint condition can yield a non-negligible savings in computational over- 
head in both the ultrasoft pseudopotential and standard (norm-conserving) pseu- 
dopotential {B — I) schemes [142]. 

5.3. ADIABATICITY CONTROL THROUGH ISOKINETIC CONSTRAINTS 

The CP technique relies heavily on the assumption that an adiabatic separation 
between the fictitious electron dynamics and the nuclear dynamics can be main- 
tained. In general, this will only be true if the separation between the ground 
and first excited electronic surfaces, i.e. the band gap, is large compared to kT 
for all nuclear configurations. While this is generally true for insulators and 
semi-conductors, it is not true for metals and can be problematic in numerous 
chemical reactions where the two surfaces approach each other at a transition 
state. In fact, for metals, the CP dynamics is not correct because the motion does 
not occur on the ground state surface, although it can, nevertheless, yield some 
useful information. In such cases, the fictitious thermal energy in the electronic 
subsystem can lead to excitations that destroy adiabaticity and lead to a rapid 
exchange of energy between the nuclear and electronic subsystems. This will 
cause the nuclei to cool and the electrons to heat, and the CP dynamics will 
cease to be meaningful. 

One way to ameliorate this problem is to employ one of the widely used ther- 
mostatting methods on the electronic subsystem, such as the Nose-Hoover [144] 
or Nose-Hoover chain [145] methods, and several such approaches have been 
reported [139, 146]. However, these may not be robust enough in certain sys- 
tems or may allow fluctuations large enough that adiabaticity is lost despite the 
action of the thermostat. Here, we describe an alternative, highly robust, ap- 
proach based on the Gaussian isokinetic ensemble method. The adaptation of 
this method for CP dynamics was recently described by Minary, et al [147]. 
The isokinetic ensemble method employs a nonholonomic constraint to keep 
the fictitious electronic kinetic energy in the CP Lagrangian fixed: 



dE 

dE 

dRi 



(117) 




81 



In order to impose this constraint, an additional Lagrange multiplier, a, is in- 
troduced into the CP equations. Thus, in terms of orthogonal orbitals, the new 
electronic equation of motion reads 

aIVi) = l<P<) + E^<7l¥y) - a|\i//) (118) 

J 

where |(p,) = 3£/3(\|/,|. Applying Gauss’ principle of least constraint, analyti- 
cal expressions for the Lagrange multipliers A,y and a can be determined ana- 
lytically by differentiating the orthogonality constraint twice and the isokinetic 
constraint once yielding 

{V/lVy) + 2(V/|\i/v)-b(vi/,lVy) = 0 

Z[(V/IV,) + (V/|Vi)] = 0 (119) 

i 

Then, using the equation of motion to substitute in for |vj/,} and its complex 
conjugate for (v|/,j and solving for the two multipliers, one obtains 

^ ^X[(V/i^Ks|V/) + (V/|^Ks|^ (120) 

Remarkably, each of these expressions is what would be obtained for each mul- 
tiplier in the absence of the other constraint, showing that the two constraints 
are completely uncoupled. Substituting Eqs. (120) into the electronic equation 
of motion yields: 

-“I Vi) = -/-AcsIVi) + X IVi) (¥i|J^ks| V,) 

^ y 

- /^XlVyXVylV.) + L|\j/,)X/y [(Vvl^KsIVy) + (Vyl-^KsIVy)] 

/ ^ / 



In principle, Eq. (121) could be solved using a Liouville operator based ap- 
proach as discussed in Ref [139]. Alternatively, the analytical expression for 
a could be used while retaining a numerical approach for A/y , however, as was 
shown in Ref [147], this requires an iterative procedure. Therefore, the simplest 
approach is to combine the isokinetic method with the CNO approach outlined 
in Sec. 5.2. This scheme would be described by an equation of motion of the 
form 

[(<i>yl^Ksl<l»y) + (<l);|^Ks|'i>y)] (122) 
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where is the CNO force in Eq. (116). An algorithm for integrating Eq. 

(122) was recently presented by Minary, et al [147]. 

6. Calculating Observables 

Up to now, we have discussed a wide variety of simulation techniques including 
basis sets, orbital choices, and adiabaticity control methods. All of this method- 
ology would, of course, be useless if one could not compute experimentally 
measurable observables. In this regard, AIMD simulations have some distinct 
advantages over force field based MD in that the former permit direct access to 
the electronic structure and, hence, any observable that can be derived directly 
from it. Thus, greatly widens the range of observables that can be computed 
from MD simulations. 

In MD calculations, observables are computed by performing averages of 
appropriate functions, 0(P,R) of the momenta and coordinates of the particles 
in the system. The procedure relies on the ergodic hypothesis which states that 
given an infinite amount of time, a system will visit all of its accessible phase 
space so that ensemble averages of 0(P,R) can be directly related to time aver- 
ages of the MD trajectory: 

(0(P,R)) = liim y dt O(P(0,R(0) (123) 

Equation (123) will, therefore, yield any equilibrium average for the system. 
The ensemble average in Eq. (123) could refer to any pertinent ensemble. For 
example, a microcanonical {NVE) ensemble average would be given by 

-£) (124) 

where is the classical nuclear Hamiltonian of Eq. (1 1) and V^E) 

is the microcanonical ensemble partition function. An average in the canonical 
{NVT) ensemble is given by 

As a concrete examples, note that a radial distribution function is given as an 
average: 



(126) 
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Similarly, the elastic neutron scattering structure factor can be computed by 
Fourier transforming the radial distribution function or by directly performing 
an ensemble (or trajectory) average over 5(k) = (l/A^)|X/Li®xp(fk R/)p. 

Dynamical properties such as spectra and transport coefficients can be ob- 
tained within classical linear response theory from time correlation functions. 
The time correlation function between two observables, ^(P,R) and B{F,R) is 
given by 

{^(0)5(0) = rf^Pd^R^(P,R)5(P^ 

X g-P^N(P,R) (127) 

where (P^(P,R),R^(P,R)) designates the phase space trajectory obtained from 
the initial condition (P,R)). For A = B, Eq. (127) becomes an autocorrela- 
tion function. For example, the diffixsion coefficient can be computed from the 
velocity- velocity autocorrelation function: 

(128) 

The velocity autocorrelation function can also be used to obtain a frequency 
spectrum for the system known as the power spectrum by Fourier transforma- 
tion: 

/((O) = r dt (V/(0) • V/(/)) (129) 

J-oo 

Although the power spectrum, itself, it not a directly measurable quantity, the 
frequencies at which the peaks in the function occur can be compared to other 
spectroscopic measurements. While this can be a useful comparison, it is obvi- 
ously preferable to compute, for example, the infrared (IR) or Raman spectrum, 
which can can be directly measured. For such quantities, having access to the 
electronic structure is a significant advantage of the AIMD method. Below, we 
discuss the calculation of several types of spectra based on the use of the elec- 
tronic structure. 



6.1. INFRARED SPECTRUM 



In linear response theory, the infrared absorption coefficient, a((o), is given by 
the Fourier transform of the electric dipole moment correlation function 



a(co) = 



47CCOtanh(p?co/2) 

3Hn{(o)cV 







(130) 
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where n((o) is the index of refraction of the medium, F is the volume, c is the 
speed of light, M*(/) is the Ath component of the electric dipole moment opera- 
tor, and [Mi(0),Mt(t)]+ is the anticommutator between the operators, [A,B]+ — 
AB + BA. Of the two terms in the anti-commutator, (Mi(<)M*(0)) corresponds 
to an absorption process while (Mk{0)Mk{t)) corresponds to an emission pro- 
cess. In the approximation of classical nuclei, the dipole moment operator is 
replaced by the classical dipole moment function. However, in order to retain 
some of quantum information, the factor tanh(P^o)/2) is retained so that the IR 
absorption is expressed as 

Note that more sophisticated quantum corrections, for example, EgelstafF type 
corrections [148], can also be applied. The total dipole moment can be decom- 
posed into ionic and electronic contributions according to 

M = (132) 



Since the ions are treated as classical point particles, the ionic contribution can 
be computed straightforwardly from the particle positions. The electronic con- 
tribution is more subtle. For a non-periodic or cluster system, the expression 



]y|(elec) ^ -e J dXi ■ ■ ■dXN.^Hxu 
’ j dr no(r)r 



\Ne ] 

Sr, 

1=1 



(1)o(xi,...,xa,J 



= —e 



(133) 



where (|)o is the exact ground state wavefiinction, wo(r) is the ground state den- 
sity, and Yi is the ith electron position operator, can be evaluated easily because 
the dipole moment operator is a one-body operator. For periodic systems, how- 
ever, Eq. (133) is not translationally invariant. For periodic systems, the proper 
generalization of the dipole moment expression is based on the so called Berry 
phase approach [149-152] and takes the form 

j^(elcc) _ J ciXi---dXMe 

X (j)5(xi,...,XAfJ (134) 

where is the kth component of the electronic contribution to the dipole 

moment, is the kth component of the ith electron position operator, and Lk 
is the length of the supercell in the kth direction (assuming an orthorhombic 
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cell - see Refs. [153,154] for generalizations to arbitrary cell shapes), which is 
assumed to be cubic in this case. Clearly, Eq. (134) possesses the correct trans- 
lational symmetry. However, it introduces an additional complication because 
the operator exp(27C/Xt '‘/,it/^) is now a many-body operator [151] so that the 
expectation value in Eq. (134) cannot be expressed simply in terms of the elec- 
tron density. As was shown in Refs. [149, 150, 155], in order to compute the 
electronic component of the dipole moment within KS theory, it is necessary to 
compute the matrix elements 

= (135) 

using the KS orbitals (or their periodic parts when k-points other than the F- 
point are used) and compute the dipole moment contribution from 

^elec) _ _ {^ij\k) ( 136 ) 

It should be noted that the Berry phase approach is also the starting point for 
methods to find unitary transformations among the orbitals that lead to a max- 
imally set of orbitals known as Wannier functions [153-155], which have been 
shown to be of great utility in studying other electronic properties of a system, 
for example, local dipole moments [25]. 



6.2. OTHER SPECTRA 



Recently, a general formalism within DFT was introduced to compute the re- 
sponse of a system to a small applied external perturbation [156], which is often 
what is measured in experiments. The resulting variational DFT perturbation 
theory, which is in the same spirit as, though conceptually different from, more 
standard formulations [157-159], leads to a general scheme for computing the 
second derivative of the energy with respect to an applied field, and, therefore, 
incorporates observables such as anharmonic Raman spectra [67] and nuclear 
magnetic resonance (NMR) chemical shifts [160]. 

In the case of Raman spectroscopy, it is necessary to compute the full polar- 
izability tensor [67, 161] 



9P/, _ 

~ 9Ev ~ 9E^Ev 






(137) 



where P is the induced polarization vector due to an externally applied electric 
field, E, and E is the total energy. Within linear response theory, the Raman 
scattering cross section can then be related to the autocorrelation functions of 
the polarizability tensor. For cubic systems, the full tensor can be expressed 
as [67] 



t^//v(0 — T* P/zv(0 



(138) 
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where p;/v(0 is traceless. This subdivision will lead to isotropic and anisotropic 
spectra given by [67] 





-i 

2nJ 


^ t//e-'®(X(0)X(0) 




^aniso(^*^) = 


-1 

2nJ 


rrf/e-'o“.l(Tr[p(0)P(0]) 


(139) 



Again, the Berry phase formalism can be used to compute the polarization of 
the system [67], 

Finally, it is important to mention that the DFT perturbation theory has also 
been employed to derive a new approach to the calculation of NMR chemi- 
cal shifts in periodic systems [160], NMR spectra are among the most impor- 
tant tools used in chemistry to characterize a chemical environment. Indeed, a 
variety of novel approaches have been introduced for computing the chemical 
shifts [28, 160, 162, 163]. Unfortunately, the complexities of this methodology 
are sufficient that they will not be dealt with here in any amount of detail, but 
the interested reader is referred to the above mentioned literature. However, in 
order to give a feel for the problem, we note that the chemical shielding tensor, 
like the polarizability density, is expressible as the derivative of an induced ef- 
fect due to an external field. In particular, it is the derivative of the induced local 
magnetic field due to an externally applied magnetic field, B: 






3Bv 



(140) 



From o^v. the chemical shift tensor 5^v can easily be computed. From the eigen- 
values of 5pv, for example, the isotropic and MAS chemical shifts can be deter- 
mined. The induced field is determined by the total electronic current j(r) via 

= (, 4 „ 

where fiQ is the permeability of free space. For a Hamiltonian based formalism, 
the applied magnetic field, B, is represented in terms of a vector potential, A(r) 
with B = V X A(r). Thus, a gauge choice must be made for A(r), and a typical 
form is [160] 

A(r) = -^(r-R)xB (142) 

where R is known as the gauge origin. Thus, it can be seen that the position 
operator problem in periodic systems is prevalent here as well. In order to 
solve the problem, Mauri, et. al proposed modulating B by a periodic func- 
tion [28, 164-168], whereas Sebastiani and Parrinello have applied the Berry 
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phase approach [160]. Another technical difficulty that arises in a plane- wave 
basis stems from the fact that the chemical shifts are very sensitive to the shape 
of the wavefunction in the core region, which is pseudized. This problem has 
been addressed by Gregor, et al [162], who have developed a set of additive 
constant corrections that accurately reproduce the all-electron magnetic shield- 
ings. 

7. Summary 

Basic concepts and several extensions of the Car-Parrinello ab initio molecular 
dynamics algorithm have been discussed. In particular, the algorithm has been 
derived starting from the Bom-Oppenheimer approximation, the use of density 
functional theory has been discussed as well as basis set choices, and prop- 
agation algorithms. Finally, the problem of computing observables, including 
different types of spectra has been overviewed. Other extensions of the algo- 
rithm not discussed here include the combination of Car-Parrinello with path 
integral molecular dynamics [15-18], excited states [169, 170], and linear scal- 
ing methods [171-174]. For further details, the reader is referred to recent re- 
view [10, 12]. We hope the present discussion serves as a useful starting point 
for those interested in becoming practitioners and developers in the field of ab 
initio molecular dynamics. 

8. Acknowledgements 

The author gratefully acknowledges his colleagues throughout the world for 
many longstanding and fruitful collaborations, in particular, Michele Parrinello, 
ETH Zurich and Swiss Center for Scientific Computing, Dominik Marx, Ruhr- 
Universitat, Bochum, Jurg Hutter, University of Zurich, Magali Benoit, Univer- 
site Montpellier, and Glenn Martyna, IBM, Yorktown Heights, NY. The author 
also acknowledges the members of his research group at New York University, 
Yi Liu, Zhongwei Zhu, Lula Rosso, Peter Minary, and Joseph A. Morrone for 
their hard work and dedication. Much of the original work presented herein 
was supported by NSF CHE-9875824, NSF CHE-0121375, the Research Cor- 
poration RI0218, an NYU Whitehead Fellowship in Biomedical and Biological 
Sciences, and the Camille and Henry Dreyfus Foundation, Inc. TC-02-012. 

References 

1 . S. W. Rick and S. J. Stuart, Rev. Comp. Chem. 18 , (2002). 

2. A. Warshel and R. M. Weiss, J. Am. Chem. Soc. 102, 6218 (1980). 

3. R. Car and M. Parrinello, Phys. Rev. Lett. 55, 2471 (1985). 

4. D. K. Remler and P. A. Madden, Mol. Phys. 70, 921 (1990). 

5. M. C. Payne, M. P. Teter, D. C. Allan, T. A. Arias, and J. D. Joannopoulos, Rev. Mod. 

Phys. 64, 1045(1992). 




88 



6. G. Galli and M. Parrinello, Computer simulation in chemical physics, NATO ASI Series 
C397, 261 (1993). 

7. M. E. Tuckerman, P. J. Ungar, T. von Rosenvinge, and M. L. Klein, J. Phys. Chem. 100, 
12878 (1996). 

8. M. J. Gillan, Contemp. Phys. 38, 1 15 (1997). 

9. M. Parrinello, Solid State Commun. 102, 107 (1997). 

10. D. Marx and J. Hutter, In Modern Methods and Algorithms of Quantum Chemistry J. 
Grotendorst, ed. (PUBLISHER, Forschungszentrum, Juelich, NIC Series Vol. 1, 2000), 
pp. 301-449. 

11. R. Car, Quant. Struct. Act. Rel. 21, 97 (2002). 

12. M. E. Tuckerman, J. Phys. Condens. Matter 14 (2002). 

13. R. P. Feynman and A. R. Hibbs, Quantum Mechanics and Path Integrals (McGraw-Hill, 
New York, 1965). 

14. R. Feynman, Statistical Mechanics. (Benjamin, Reading, (1972)). 

15. D. Marx and M. Parrinello, Z. Phys. B 95, 143 (1994). 

16. D. Marx and M. Parrinello, J. Chem. Phys. 104, 4077 (1996). 

17. M. Tuckerman, D. Marx, M. L. Klein, and M. Parrinello, J. Chem. Phys. 104, 5579 (1996). 

18. D. Marx, M. E. Tuckerman, and G. J. Martyna, Comp. Phys. Comm. 118, 166 (1999). 

19. K. Laasonen, M. Sprik, M. Parrinello, and R. Car, J. Chem. Phys. 99 , 9080 (1993). 

20. E. S. Fois, M. Sprik, and M. Parrinello, Chem. Phys. Lett. 223, 41 1 (1994). 

21. M. Sprik, J. Hutter, and M. Parrinello, J. Chem. Phys. 105, 1 142 (1996). 

22. P. L. Silvestrelli, M. Bemasconi, and M. Parrinello, Chem. Phys. Lett. 277, 478 (1997). 

23. B. L. Trout and M. Parrinello, Chem. Phys. Lett. 288, 343 (1998). 

24. L. D. Site, A. Alavi, and R. M. Lynden-Bell, Mol. Phys. 96, 1683 (1999). 

25. P. L. Silvestrelli and M. Parrinello, Phys. Rev. Lett. 82, 3308 (1999). 

26. M. Sprik, Chem. Phys. 258, 139 (2000). 

27. M. F^ack and M. Parrinello, Phys. Chem. Chem. Phys. 2, 2105 (2000). 

28. B. G. Pfrommer, F. Mauri, and S. G. Louie, J. Am. Chem. Soc. 122, 123 (2001). 

29. P. L. Geissler, C. Dellago, D. Chandler, J. Hutter, and M. Parrinello, Science 291, 2121 

( 2001 ). 

30. E. Schwegler, G. Galli, F. Gygi, and R. Q. Hood, Phys. Rev. Lett. 87, 265501 (2001). 

31. S. Izvekov and G. A. Voth, J. Chem. Phys. 116, 10372 (2002). 

32. M. Diraison, G. J. Martyna, and M. E. Tuckerman, J. Chem. Phys. Ill, 1096 (1999). 

33. E. Tsuchida, Y. Kanada, and M. Tsukada, Chem. Phys. Lett. 311, 236 (1999). 

34. Y. Liu and M. E. Tuckerman, J. Phys. Chem. B 105, 6598 (2001). 

35. J. A. Morrone and M. E. Tuckerman, J. Chem. Phys. 117, 4403 (2002). 

36. J. A. Morrone and M. E. Tuckerman, Chem. Phys. Lett, (submitted). 

37. K. Laasonen and M. L. Klein, J. Am. Chem. Soc. 116, 11620 (1994). 

38. K. Laasonen and M. L. Klein, Mol. Phys. 88, 135 (1996). 

39. M. Sprik, J. Phys. Condensed Matter 8, 9405 (1996). 

40. K. Laasonen and M. L. Klein, J. Phys. Chem. A 101, 98 (1997). 

41. E. J. Meijer and M. Sprik, J. Am. Chem. Soc. 120, 6345 (1998). 

42. D. Kim and M. L. Klein, J. Phys. Chem. B 104, 10074 (2000). 

43. Z. Zhu and M. E. Tuckerman, J. Phys. Chem. B 106, 8009 (2002). 

44. B. Chen, J, M. Park, I. Ivanov, G. Tabacchi, M. L. Klein, and M. Parrinello, J. Am. Chem. 
Soc. 124, 8534 (2002). 

45. M. E. Tuckerman, K. Laasonen, M. Sprik, and M. Parrinello, J. Phys. Chem. 99 , 5749 
(1995). 

46. M. E. Tuckerman, K. Laasonen, M. Sprik, and M. Parrinello, J. Chem. Phys. 103, 150 
(1995). 

47. D. Marx, M. E. Tuckerman, J. Hutter, and M. Parrinello, Nature 367, 601 (1999). 

48. D. Marx, M. E. Tuckerman, and M. Parrinello, J. Phys. Condens. Matt. 12, A 153 (2000). 

49. M. E. Tuckerman, D. Marx, and M. Parrinello, Nature 417, 925 (2002). 

50. D. E. Sagnella, K. Laasonen, and M. L. Klein, Biophys. J. 71, 1172 (1996). 

51. H. S. Mei, M. E. Tuckerman, D. E. Sagnella, and M. L. Klein, J. Phys. Chem. B 102, 




89 



10446(1998). 

52. M. Pavese, D. R. Berard, and G. A. Voth, Chem. Phys. Lett. 300, 93 (1999). 

53. L. Rosso and M. E. Tuckerman, J. Am. Chem. Soc. (submitted). 

54. K. Laasonen, M. Parrinello, R. Car, C. Y. Lee, and D. Vanderbilt, Chem. Phys. Lett. 207, 
208 (1993). 

55. K. Laasonen and M. L. Klein, J. Phys. Chem. 98, 10079 (1994). 

56. M. E. Tuckerman, D. Marx, M. L. Klein, and M. Parrinello, Science 275, 817 (1997). 

57. H. Arstila, K. Laasonen, and A. Laaksonen, J. Chem. Phys. 108, 1031 (1998). 

58. P. L. Geissler, C. Dellago, D. Chandler, J. Hutter, and M. Parrinello, Chem. Phys. Lett. 
321, 225 (2000). 

59. C. Y. Lee, D. Vanderbilt, K. Laasonen, R. Car, and M. Parrinello, Phys. Rev. Lett. 69, 462 
(1992). 

60. C. Y. Lee, D. Vanderbilt, K. Laasonen, R. Car, and M. Parrinello, Phys. Rev. B 47, 4863 
(1993). 

61 . M. Benoit, M. Bemasconi, and M. Parrinello, Phys. Rev. Lett. 76, 2934 (1996). 

62. M. Bemasconi, M. Benoit, M. Parrinello, G. L. Chiarotti, P. Focher, and E. Tosatti, Physica 
ScriptaA 166, 98 (1996). 

63. M. Bemasconi, P. L. Silvestrelli, and M. Parrinello, Phys. Rev. Lett. 81, 1235 (1998). 

64. M. Benoit, D. Marx, and M. Parrinello, Nature 392, 258 (1998). 

65. M. Benoit, D. Marx, and M. Parrinello, Solid State Ionics 125, 23 (1999). 

66. Z. F. Liu, C. K. Siu, and J, S. Tse, Chem. Phys. Lett. 309, 335 (1999). 

67. A. Putrino and M. Parrinello, Phys. Rev. Lett. 88, 176401 (2002). 

68. J. Samthein, A. Pasquarello, and R. Car, Science 275, 1925 (1997). 

69. A. Pasquarello and R. Car, Phys. Rev. Lett. 79, 1766 (1997). 

70. M. Boero, A. Pasquarello, J. Samthein, and R. Car, Phys. Rev. Lett. 78, 887 (1997). 

71. A. Pasquarello, J. Samthein, and R. Car, Phys. Rev. B 57, 14133 (1998). 

72. A. Pasquarello and R. Car, Phys. Rev. Lett. 80, 5145 (1998). 

73. C. Massobrio, A. Pasquarello, and R. Car, J. Am. Chem. Soc. 121, 2943 (1999). 

74. F. Mauri, A. Pasquarello, B. G. Pfrommer, Y. G. Yoon, and S. G. Louie, Phys. Rev. B 62, 
R4786 (2000). 

75. M. Benoit, S. Ispas, and M. E. Tuckerman, Phys. Rev. B 64, 224205 (2001). 

76. C. J. Pickard and F. Mauri, Phys. Rev. Lett. 88, 086403 (2002). 

77. M. Boero, M. Parrinello, and K. Terakura, J. Am. Chem. Soc. 120, 2746 (1998). 

78. M. Boero, M. Parrinello, S. Hueffer, and H. Weiss, J. Am. Chem. Soc. 122, 501 (2000). 

79. M. Boero, M. Parrinello, H. Weiss, and S. Hueffer, J. Phys. Chem. A 105, 5096 (2001). 

80. K. C. Haas, W. F. Schneider, A. Curioni, and W. Andreoni, Science 282, 265 (1998). 

81. C. Stampfl and M. Scheffler, Surf. Sci. 435, 1 1 9 (2000). 

82. K. C. Haas, W. F. Schneider, A. Curioni, and W. Andreoni, J. Phys. Chem. B 104, 5527 

( 2000 ). 

83. C. Stampfl, M. V. Ganduglia-Pirovano, K. Reuter, and M. Scheffler, Surf. Sci. 500, 368 

( 2002 ). 

84. G. J. Kroes, A. Gross, E. J. Baerends, M. Scheffler, and D. A. McCormack, Acc. Chem. 
Res. 35, 193 (2002). 

85. M. Saitta and M. L. Klein, Nature 399, 46 (1999). 

86. M. Saitta and M. L. Klein, J. Chem. Phys. Ill, 9434 (1999). 

87. M. Saitta and M. L. Klein, J. Am. Chem. Soc. 121, 1 1827 (1999). 

88. M. Saitta and M. L. Klein, J. Phys. Chem. B 105, 6495 (2001). 

89. S. Piana, D. Sebastian!, P. Carloni, and M. Parrinello, J. Am. Chem. Soc. 123, 8730 (2001). 

90. J. Hutter, P. Carloni, and M. Parrinello, J. Am. Chem. Soc. 118, 87 1 (1996). 

91. U. Roethlisberger and P. Carloni, Inti. J. Quant. Chem. 73, 209 (1999). 

92. W. Andreoni, A. Curioni, and T. Mordasini, IBM J. Res. and Development 45, 397 (2001). 

93. C. Rovira and M. Parrinello, Inti. J. Quant. Chem. 80, 1172 (2000). 

94. C. Rovira, B. Schulze, M. Eichinger, J. D. Evanseck, and M. Parrinello, Biophys. J. 81, 
435 (2001). 

95. W. Kohn and L. J. Sham, Phys. Rev. 140, A1 133 (1965). 




90 



96. R. G. Parr and W. Yang, Density Functional Theory of atoms and molecules (Oxford Uni- 
versity Press, Oxford, 1989). 

97. R. M. Dreizler and E. K. U. Gross, Density Functional Theory (Springer- Verlag, 
Berlin/Heidelberg, 1990). 

98. Z. H. Liu, L. E. Carter, and E. A. Carter, J. Phys. Chem. 99, 4355 (1995). 

99. B. D. Martino, M. Celino, and V. Rosato, Comp. Phys. Comm. 120, 255 (1999). 

100. R. A. Friesner, Chem. Phys. Lett. 116, 39 (1985). 

101 . G. Lippert, J. Hutter, and M. Parrinello, Mol. Phys. 92, 477 (1997). 

102. Y. Liu and M. E. Tuckerman, Phys. Rev. Lett, (submitted). 

103. P. Hohenberg and W. Kohn, Phys. Rev. B 136, 864 (1964). 

104. A. D. Becke, Phys. Rev. A 38, 3098 (1988). 

105. W. Y. C. Lee and R. C. Parr, Phys. Rev. B 37, 785 (1988). 

106. J. P. Perdew and Y. Wang, Phys. Rev. B 45, 13244 (1992). 

107. J. P. Perdew, K. Burke, and M. Emzerhof, Phys. Rev. Lett. 77, 3865 (1996). 

108. N. C. Handy and A. J. Cohen, Mol. Phys. 99, 403 (2001). 

109. A. J. Cohen and N. C. Handy, Mol. Phys. 99, 607 (2001). 

1 10. N. C. Handy and A. J. Cohen, J. Chem. Phys. 116, 541 1 (2002). 

111. Q. Wu and W. Yang, J. Chem. Phys. 116,515 (2002). 

1 12. A. D. Becke, J. Chem. Phys. 96, 2155 (1992). 

1 13. A. D. Becke and M. R. Roussel, Phys. Rev. A 39, 3761 (1989). 

1 14. A. D. Becke, J. Chem. Phys. 112, 4020 (2000). 

115. E. Proynov, H. Chermette, and D. R. Salahub, J. Chem. Phys. 113, 10013 (2000). 

1 16. M. Emzerhof, S. N. Maximoff, and G. E. Scuseria, J. Chem. Phys. 116, 3980 (2002). 

117. J. A. White and D. M. Bird, Phys. Rev. B 50, 4954 ( 1 994). 

118. G. Bachelet, D. Hamann, and M. Schluter, Phys. Rev. B 26, 4199 ((1982)). 

119. N. Troullier and J. L. Martins, Phys. Rev. B 43, 1993 (1991). 

120. D. Vanderbilt, Phys. Rev. B 41, 7892 (1990). 

121 . RE. Bloechl, Phys. Rev. B 50, 17953 (1994). 

122. L. Kleinman and D. M. Bylander, Phys. Rev. Lett. 48, 1425 (1982). 

123. X. Gonze, P. Kaeckell, and M. Scheffler, Phys. Rev. B 41, 12264 (1990). 

124. X. Gonze, R. Stumpf, and M. Scheffler, Phys. Rev. B 44, 1991 (1991). 

125. M. E. Tuckerman and G. J. Martyna, (To be submitted). 

126. R. W. Hockney, Phys. Rev. B 48, 2081 (1993). 

127. R. N. Barnett and U. Landmann, Methods Comput. Phys. 9, 136 (1978). 

128. G. Martyna and M. Tuckerman, J. Chem. Phys. 110, 2810 (1999). 

129. P. Minary, M. E. Tuckerman, K. A. Pihakari, and G. J. Martyna, J. Chem. Phys. 116, 535 1 

( 2002 ). 

130. M. E. Tuckerman, P. Minary, K. A. Pihakari, and G. J. Martyna, In Computational Meth- 
ods for Macromolecules: Challenges and Applications T. Schlick and H. H. Gan, eds. 
(PUBLISHER, Springer, Berlin, 2002), p. 381. 

131. J. J. Mortensen and M. Parrinello, J. Phys. Chem. B 104, 2901 (2000). 

132. J. C. Light, I. P. Hamilton, and J. V. Lill, J. Chem. Phys. 82, 1400 (1985). 

133. J. T. Muckerman, Chem. Phys. Lett. 173, 200 (1990). 

134. D. T. Colbert and W. H. Miller, J. Chem. Phys. 96, 1982 (1992). 

135. R. G. Littlejohn, M. Cargo, T. Carrington, K. A. Mitchell, and B. Poirier, J. Chem. Phys. 
116, 8691 (2002). 

136. S. Guerin and H. R. Jauslin, Comp. Phys. Comm. 121-122, 496 (1999). 

137. L. Rosso, P. Minary, Z. Zhu, and M. E. Tuckerman, J. Chem. Phys. 116, 4389 (2002). 

138. Although the problem could just as well be formulated in terms of an extended Hamil- 
tonian as in the simple x-y model, we prefer to use the Lagrangian formulation as in the 
original CP paper [3]. 

139. M. E. Tuckerman and M. Parrinello, J. Chem. Phys. 101, 1301 (1994). 

140. K. Laasonen, R. Car, C. Lee, and D. Vanderbilt, Phys. Rev. B 43, 6796 (1991). 

141. K. Laasonen, A. Pasquarello, R. Car, C. Lee, and D. Vanderbilt, Phys. Rev. B 47, 10142 
(1993). 




91 



142. J. Hutter, M. E. Tuckerman, and M. Parrinello, J. Chem. Phys. 102, 859 (1995). 

143. M. Tuckerman and G. J. Martuna (to be submitted). 

144. W. Hoover, Phys. Rev. A 31, 1695 (1985). 

145. G. Martyna, M. Klein, and M. Tuckerman, J. Chem. Phys. 97, 2635 (1992). 

146. P. Blochl and M. Parrinello, Phys. Rev. B 45, 9413 (1991). 

147. P. Minary, G. J. Martyna, and M. E. Tuckerman, J. Chem. Phys. (submitted). 

148. P. A. Egelstaff, Adv. Phys. 11, 203 (1962). 

149. R. D. King-Smith and D. Vanderbilt, Phys. Rev. B 47, 1651 (1993). 

150. R. Resta, Rev. Mod. Phys. 66, 899 (1994). 

151. R. Resta, Phys. Rev. Lett. 80, 1 800 ( 1 998). 

152. R. Resta, J. Phys. Condens. Matter 14, R625 (2002). 

153. P. L. Silvestrelli, Phys. Rev. B 59, 9703 (1999). 

154. G. Berghold, C. J. Mundy, A. H. Romero, J. Hutter, and M. Parrinello, Phys. Rev. B 61, 
10040 (2000). 

155. N. Marzari and D. Vanderbilt, Phys. Rev. B 56, 12847 (1997). 

156. A. Putrino, D. Sebastiani, and M. Parrinello, J. Chem. Phys. 113, 7102 (2000). 

157. S, Baroni, P. Gianozzi, and A. Testa, Phys. Rev. Lett. 58, 1861 (1985). 

158. X. Gonze and J. P. Vigneron, Phys. Rev. B 39, 13120 (1989). 

159. X. Gonze, Phys. Rev. A 52, 1096 (1995). 

160. D. Sebastiani and M. Parrinello, J. Phys. Chem. A 105, 1951 (2001). 

161. B. J. Berne and R. Pecora, Dynamic Light Scattering (John Wiley and Sons, Inc., New 
York, 1976). 

162. T. Gregor, F. Mauri, and R. Car, J. Chem. Phys. Ill, 1815 (1999). 

163. C. J. Pickard and F. Mauri, Phys. Rev. B 63, 245101 (2001). 

164. F. Mauri and S. Louie, Phys. Rev. Lett. 76, 4246 (1996). 

165. F. Mauri, B. Pfrommer, and S. Louie, Phys. Rev. Lett. 77, 5300 (1996). 

166. F. Mauri, B. Pfrommer, and S. Louie, Phys. Rev. Lett. 79, 2340 (1997). 

167. Y. Yoon, B. Pfrommer, F. Mauri, and S. Louie, Phys. Rev. Lett. 80, 3388 (1998). 

168. F. Mauri, B. Pfrommer, and S. Louie, Phys. Rev. B 60, 2941 (1999). 

169. A. Alavi, J. Kohanoff, M. Parrinello, and D. Frenkel, Phys. Rev. Lett. 73, 2599 (1994). 

170. N. L. Doltsinis and D. Marx, Phys. Rev. Lett. 88, 166402 (2002). 

171 . G. Galli and M. Parrinello, Phys. Rev. Lett. 69, 3547 (1992). 

172. X. P. Li, R. W. Nunes, and D. Vanderbilt, Phys. Rev. B 48, 14646 (1993). 

173. G. Galli and F. Mauri, Phys. Rev. B 50, 43 1 6 ( 1 994). 

174. D. R. Bowler, T. Miyazaki, and M. J. Gillan, J. Phys. Condens. Matter 14, 2781 (2002). 




CONCEPTS OF IONIC SOLVATION 



HARTMUT KRIENKE 

Institut fur Physikalische und Theoretische Chemie der Universitdt Regensburg, D-93040 
Regensburg, Germany 



Abstract: The general features of ion solvation, of the solvent structure around solutes, 

and their influence on solution properties, are discussed in the framework of 
simple theoretical approaches, starting from classical molecular models. Ionic 
solvation is studied with integral equation methods. Analytical solutions for 
pair correlations and thermodynamics are discussed for the case of solution of 
charged hard spheres in polarizable dipolar hard spheres in the framework of 
the MSA and LIN approximations. 



1. INTRODUCTION 

Polar polarizable solvents and the solution of salts in these systems are the sub- 
ject of this research. Calculations on the molecular Bom - Oppenheimer (BO) level 
permits to study in detail the influence of the molecular stmcture of the solvent on 
solvation phenomena. Thermodynamic and dielectric properties of the solvents are 
derived on this level. The solvents studied are representatives of different classes, 
belonging to three types of solvents [3,4] : (i) protic solvents, (ii) dipolar aprotic 
solvents and (iii) low polarity and inert solvents. 

We consider anisotropic molecules and ions with multipolar interactions. Suit- 
able models for the calculations in the framework of classical statistical mechanics 
are interaction site models (ISM), The potential energy U (1,. . N) is decomposed 
into a sum of intermolecular pair interactions U^p (1 2) . 

ap (1) 

Generally, two-particle configurations are characterized by the intercenter vector 
rx 2 sets Qj and Q 2 Eulerian angles ( / = 1,2). In 

the ISM the interaction between two molecules U ^p().2) = lf^p(r is 

decomposed into a sum of spherically symmetric interactions between interaction 
centers (sites) of the two particles. 

[/(12) = X«,(r) 

« ( 2 ) 

Interactions of partial charges, repulsion and Van der Waals (VdW) dispersion 
interactions are described by Lennard-Jones - Coulomb (LJC) potentials between the 
sites. 
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r 

V J 



Arcs^r 



( 3 ) 



Molecular geometries, partial charges are available from experiments and from 
quantummechanical calculations. The pair potential parameters of the ISM 

may be estimated either from quantummechanical supermolecule calculations or 
from experimental fits. Lorentz - Berthelot rules are often used to combine interac- 
tions of different sites: 



O' =^(a +(j ) ; £ = JsS: 

^ (4) 

For analytical calculations simpler potential models are used such as hard 
spheres or Lennard - Jones particles with or without point multipoles on it. 



2. MOLECULAR PAIR CORRELATION FUNCTIONS 
2.1 Definitions 



From the interaction potentials molecular pair correlation functions are calcu- 
lated. These functions are defined as integrals of the Boltzmann factor of the poten- 
tial energy over N — 2 sets of molecular coordinates 



^(12) = 



Q. 






exp 



kT 



dO)...d{N) 



( 5 ) 



Qj^ is the configuration integral of the molecular system, 



a 






exp 



kT 



d{\)...d{N) 



( 6 ) 

with Q = 4;r for linear molecules and Q = for nonlinear molecules. The 
molecular pair correlation function is at least a function of 4 variables. The different 
possibilities of representation are (i) expansion of the correlation functions into rota- 
tional invariants [9] and representation of the r-dependent expansion coefficients 



fiv mnl 

(ii) presentation of site - site correlation functions calculated from the 

molecular pair correlation functions by 



*»<'■> = 77^ ^ ig(l2)S[rfi2)-r]dO)d(2) 

{^7T ) 



( 8 ) 



Results for the pair correlation functions g(12) in polar solvents and solutions 
based on molecular integral equation theories and on simulations are discussed in 
several papers [24,14,25,31,32,26]. 
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2.2 Correlation functions and screening 

In classical many-particle systems the intermolecular pair potential w^^(12) 
may be conceived as a sum of two parts 

where w^^ (12) is the short-range and w^^(12) is the long-range contribution to 
the interaction of two particles of species a and , respectively. We assume that 
the long-range interactions are of electrostatic character. The short-range interac- 
tions make up the reference system describing the mutual impenetrability of classi- 
cal particles as well as the short-range attractive van der Waals forces. Long- and 
short-range interactions exert dilferent effects on the properties of the system de- 
manding different approaches. 

The calculation of the pair correlation function is performed by integral equation 
or by simulation methods [4]. We use the Omstein - Zemike formalism introducing 
the concept of the direct correlation function c^^(12) . 

The long-range forces are introduced by a perturbation theory [12,19] with re- 
normalized chain sums with hypervertices into which the static structure factor of 
the reference system is introduced [16,2,36]. The corresponding OZ equations and 
closure relations for the correlation functions of the system are 



= c„/12 ) ^YuPr k,(13)/*^(32) «f(3) 



g„/12) = exp[-y0M„^(12) + h„p{\l) - c„/12) + 

^a/?(12) is the sum of bridge or elementary graphs. 

The subdivision of the potential in Equation (9) entails the subdivision of the di- 
rect and total correlation fimctions into parts of the reference system , c®^(12) and 
/^ay?(12), depending only from the short range interactions w^^(12), and into re- 
maining parts. 

It is assumed that c„^(12) and ^a/?(12) ^re known in their entire definition 
range. For simple approximations of the reference interactions (e.g. hard spheres or 
LJ particles) there are analytical or simple numerical solutions for these functions 
(some of the solution methods will be discussed in the next subsection). In that case 
one also assumes that information about the sum of bridge graphs of the reference 
system £'^^(12) is available. 

The remaining parts consist of the long-range contributions to the direct correla- 
tion function ( given by the long- range parts of the interactions -y0w^^(12), 
B = \lkrT ), and screened potentials G„n{\2) , and of the correction terms 
8c„p{\i) and SKpiXl) 

c„,(12) = (12) - (12) + ^^c„„(12) 



^a/12) = hlp{\2) + G„/12) + 5Kp{\2) 

An integral equation for the screened potential is given by [18,12,24] 
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C(12) + G„,{\2) = (12) + 



Zp,iC(‘3)-AC03)]tA;(32) + G^(32)]rf(3) 

' (13) 

The screened potential G^^(12) is also called the chain sum [16,2,1]. If the ref- 
erence system is a mixture of hard spheres with contact distances 



«a/?(0 = °o for r<<T„p ; «„^(r) = 0 for r>cr„^ 

an optimizing procedure is possible, leading to a closure relation of 

^^a/?(12) = 0 for r<CT^p 



(14) 



(15) 



for Equation (13). This means that the long-range perturbation potential (12) is 
assumed to be state-dependent for distances r < G^p . The direct correlation func- 
tions of the reference system are calculated in the Percus - Yevick approximation for 
a mixture of hard spheres, and the closure relations are 



hlpir) = -\ 



for r <cr. 



ap 



<ip(r) = ^ for r>cr, 



ap 



(16) 

The optimized RPA, Equation (13), with the closure (15) is called the Mean 
Spherical Approximation (MSA) for the correlation functions of a multicomponent 
fluid with long-range interactions. For point charges and point dipoles on hard 
spheres very simple forms of the pair correlation functions and of thermodynamic 
functions result in this approximation, derived by simple analytical procedures. 
These solutions give a basic feeling of the structure, of thermodynamic and of di- 
electric properties of ionic and polar fluids and of the phenomena of solvation and 
association in these fluids. 

After the calculation of a screened potential G^^(12), cluster expansions for 
the correction terms can be derived. They start with 



«Sa2) = g;(12)exp[(3./12) + 5»'»>a2)] 

The cluster coefficient dW^p (12) is given by 

^;>(12) = Xp,K(13)V32)+5^(13)//^(32) + H^(13)S^(32)]^(3) 

Y 

with 

■^./ia2) = g:^(12)(exp[G„^(12)]-l)-G„/12) 

and 

H^p{\2) = hlp{\2)^G^p{\2) ^ 20 ) 

Neglecting the coefficient {12)] and linearizing the exponent leads to the 

so called LIN - approximation for the pair correlation function. 



(17) 



(18) 



(19) 
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sr’(‘2) = 4(>2)[l + 0«,(12)l (21) 

This approximation has been studied for dipolar fluids [18,4] , and it will be 
shown also useful in the case of solvation of hard sphere ions by dipolar hard 
spheres. Integral equation approximations are obtained as 

«T'(>2) = gi,(12)exp[G„/12) + <5*,,(12)-&./12)] 

which together with the OZ - Equation (10) yields the so-called Reference Hypernet- 
ted Chain (RHNC) equation [28]. A further linearization of Equation (22) with re- 
spect to {ph — 5c) leads to the Reference Percus-Yevick-Allnatt (RPYA) closure 
relation 



g„7"(12) = g:/12)exp[G„/12)][l + J/»„/12)-^c„/12)] 

The integral equations of the MSA-, RHNC-, or RPYA- type are used to calcu- 
late the screened potentials and the correction terms of the pair-correlation functions 
for given interaction potentials u^p (1 2) on different levels of approximation. 

It should be stressed that the general theory developed here is especially useful 
when long-range perturbations (e.g. multipolar interactions) are added to the proper- 
ties of an already known reference system with short-range interactions. This con- 
cept is helpful when the pecularities resulting from additional electrostatic interac- 
tions are the matter of discussion. If there is no division of the molecular interaction 
( e.g. in the case of ISM for pure polar fluids) these equations turn into the usual 
Molecular Omstein - Zemike (MOZ) equations with the HNC - or PY - closures. 



2.3 MSA of charged hard spheres 



2.3.1 Screening by long range forces 

This approach is attractive for an examination of the excess thermodynamic 
properties of electrolyte solutions because it gives rather simple analytical expres- 
sions in terms of a single screening parameter, T , and it also satisfies Onsagers 
high-charge, high-density limits [30,34,35]. 

The ionic MSA for charged hard spheres was first considered by Waisman and 
Lebowitz [38]. It consists in the solution of the integral equation , eq. (13), written 
as 



r 

with the closure relation 

= for for r>c7„^^25) 

with U^p (r) the Coulomb potential part of eq. (3). The classical solution methods 
for these problems are integral transform methods [37,39] and the Wiener Hopf fac- 
torization [5,6,7] which are currently used in textbooks on liquid state theory 
[4,13,15,16,29,11]. They make use of complex algebra for the evaluation of simple 
results, thus avoiding the general use of Percus - Yevick and MSA solutions of 
charged hard spheres. In contrast, a very simple derivation of the MSA results for 
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charged hard spheres of equal diameter is possible by direct differentiation of the 
Omstein-Zemike equation, as exemplified in reference [20] for the PY solution of 
hard spheres, and in reference [33] for the MSA solution for the restricted primitive 
model of electrolytes. The total correlation functions of the restricted primitive 
model (RPM) with (7^^ = <J and | |=| Zp \ are divided in a hard-sphere part 

h^{r) and in a Coulomb part (r) 

2 2 (26) 
Corresponding expressions hold for the direct correlation functions (r) and 



2.3.2 PY -approximation for hard spheres 

For follows from Equations (24) and (25) the PY -approximation for 

hard spheres. 



h\r) = c\r) + plc°(r')h\\r-r'\)dr' ; p = p^+p_ 

The use of bipolar coordinates leads to the integrated form of Equation (1) 

h^{r) = -\ if r<(j ; c®(r) = 0 if r>G 



(27) 

(28) 



H{r) = C{r) + Inp J[ C{s)ds H{t)dt 

where the functions 
C{r) = rc\r) ; H{r) = rh\r) 
were introduced. Differentiation of eq. ( 3 ) leads to 



(29) 

(30) 



H'{r) = C{r)+2np(^^C{s)H{r+s)ds-[C{s)H{r-s)ds+^(Xs)H{s-r)ds) 

The last two terms can be collected into one by expansion of the total correlation 
function h{r) to negative r values. h{r) must be an even function of r 

h{-r) = h(r) 

This leads to the following prescription for the continuation of H{r) 

H{-r) = -H{r) 

and for Eq. (5) follows 



(32) 

(33) 



H'{r) = C(r) + 2;rp J[“ C(5)[//(r + 5) - H(r - s)]ds 



(34) 



With the conditions H(r) = —r in r < CT and C(s) = 0 in s > <7 one has 
for r < cr : 
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-1 = C'(r) + 27tp{ ][" C{s)H{r + s)ds + r J[ C{s)ds - J[ C(5)5 ds) 



(35) 



(36) 



Then 

C'(0) = -l + 4;r/7j[c(5)^rf5 
To get the second derivative, eq. (5) is transformed in r < cr to 
H\r) = C{r) + Inp [C(5) - H{s)][H(r + s) + H(r - s)]ds 

+^npr C{s)ds - ATtp jC( 5) + y pr^ 

Then the second derivative in r < cr is : 

0 = C{r) + Ak^ p^ C(t)J(r,t)dt + Anp C{s)ds + npr^ 

(38) 

The kernel J{r,t) 

J(r, 0 = J[ [H{r + s)~ H{r - s)][H(s + t)~ H(s - t)]ds 
is after a transformation given by 

y(r,t) = -£ H(u)H(u-r + t)du+ H(u)H(u-r-t)du 



(39) 



= - £ (-m)(-m + r - t)du + (-«)(-« + r- t)du = tr^ + — 



The resulting equation in r < cr is 
{iTipy 



0 = C*(r) H — ^ C{s)ii‘ds - {2nprf C(j )i <is + ^Ttp C(s)o!s + npr^ 
An expression for C*(0) is given as follows: 



C{Qi) = -A7tp[c{s) 






ds 



Further derivatives in the region r <<j simply yield 
C^^\r) = 2npr{-\ + A7ip^ C{s)sds) 
Thus 



(40) 



(41) 



(42) 



( 43 ) 




(44) 



C*'^(0) = 0 

and 

C^*\r) = 27ip{-\ + A7ip^ C{s)sds) = C^"\0) = InpCiO) 
lead to the series development 

C{r) = rC ' (0) + - r 'C ' (0) + - (0) + — (0) ; 

2 6 24 



with the coefficients 
C\0) = -\ + Anp^C\s)sds 



C\Q) = -A7tp^C\s) 






(45) 



r <a 
(46) 



(47) 



C<^^(0) = 0 ; C^">(0) = 2;rn \ + Anp^ C\s)sds 



(48) 



All higher C*'* (0) = 0 . Therefore the direct correlation function may be written 
in the form , x = ria , 

c®(x) = a, + ape + for x<l ; c“(a:) = 0 for 



jt> 1 



(49) 



where 



a, =- 



(i + 2rjf 
(1-7)' 



=6t} 



(l + 0.5tjf 
(1-7)' 



7 

a. =—a. 

' 2 ' 



(50) 



7/ = {7rp(7^)/6 is the space filling factor. 
2.3.3 The Coulomb contribution 



The screened potential G^(12) is in the case of charged hard spheres of equal 
diameter <T given by the Coulomb contribution (r ) . This contribution or, 
equivalently, the function (r) , are derived from the equation 



(r) = (r) + p jc^ (r’)h^ (I ^ ~ ^ \)dr 

and from the closure relations 



(51) 



/z^(r) = 0 for r<<j 




for r> cj 



with the Bjerrum parameter 



(52) 
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Blum used for the calculation of c^(r) the method of the Wiener - Hopf fac- 
torization [7,8]. 

Recently ^ckayzen also succeeded to solve this problem by direct differentia- 
tion of the OZ equation [33]. For this purpose (r) is divided into two parts 



c^(r) = cf(r)+cf(r) ; c^(r) = 0 for r><j ; cf{r) = -— for all r 

r 

Then Equation (25) leads to 

h^ir) = c^{r) + p jcf f-r \)df' + F{r) 

with 



F{r) = pU{r')hWr-f\)dr' 



(54) 



(55) 



(56) 



Rickayzen finds from the Green function structure of cf{r^ that F{r^ is a 



constant, F(0) = A . Introducing 
rc^{r) = C^{r) = C';{r)-bcT 

and (r) = (r) , Equation (29), in bipolar coordinates reads 

H^{r) = Cf (r) -b(j + Inp Cf (5)t/^ H^{t)dt + Ar 

Subsequent differentiation of this equation shows for r < cr 

0 = [C,"]V) + ^ + ^pf C^{s)H^{r + s)ds 

[C^nr)^-lKAp[H%s)ds ; [C^F(r) = 0 
so that (r) is a quadratic polynom in r of the form 

r<CT 



(57) 



(58) 

(59) 

(60) 

(61) 

(62) 
(63) 

is connected to the internal excess energy of the charged hard sphere system. This 
leads immidiately to the well known solution for c(r) 



cf (r) = cf (0) + [Cf ]'(0)r + i[Cf r(0)r^ 



with 



C(0) = tj& ; [C]'(0) = -^ ; [Cr(0) = 

where 

A = -4/rcrbp H^(s)ds 



lab 
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c^{x)--b{2B-B^x) for x- — <\ ; c^(x) = -— for jt>1 

cr X (64) 

with 

^ j To- 

2b l + To- ’ 

r is Blum’s MSA screening 
energy is simply 

Z7ex,C 

^ = -bB 

NkT ( 66 ) 

Charged hard spheres are very often used to describe the subsystem of charged 
particles in a polar solvent. The equilibrium structural properties and thermodynamic 
excess functions of this subsystem are well represented by this approximation in the 
case of small Bjerrum parameters b . Together with the concept of ion association 
in the framework of a chemical picture also excess properties of systems with high 
Bjerrum parameters are well reproduced [21,22,23]. A simplified derivation of the 
basic formulae of the MSA for charged hard spheres therefore seemed to be useful at 
this place. 

2.4 Dipolar screening - MSA and LIN approximations for dipolar hard 

spheres 

2.4.1 Nonpolarizable models 

Taking into account a very simplified molecular picture of the polar solvent, it 
can be modelled as a system of hard spheres with point dipoles in the center. The 
MSA solution for the pair correlation functions can be traced back to the solution of 
hard sphere problem in Percus - Yevick approximation, as Wertheim has shown 
[40]. As a linear combination of the contributions to the pair correlation functions 
from the short range reference interactions and from the long range electrostatic con- 
tributions the MSA solution is of limited use. This has been shown in numerous 
comparisons with computer simulation results ( see e.g. [4] and the references cited 
there ). The LIN approximation, eq. (21) for dipolar hard spheres, which is also 
based on a knowledge of hard sphere distributions in Percus - Yevick approxima- 
tion, has been shown to give much better agree ment with the simulation results. We 
start from the equation (24) of section 2.2 and calculate the screened potential 
G(l, 2) ( omitting the indicees, because we treat a one component system now ) for 
hard spheres of diameter c with point dipoles in the center. 

The center to center distance of two point dipoles is F = , the dipole mo- 
ment vectors are fhi = l^fh^i \ / = 1, 2 ( the superscript means a unit vector 

). The potential is then 

yffJ7°=(l,2) = oo for x<\ ; yffC/®(l,2) =^^Z)(1.2) for x>\ 

^ (67) 

Z)(l, 2) and A(l, 2) are the corresponding angular functions for the dipole prob- 
lem: 



Yc7 = ^[yl\ + 2KCT-\'\ 



(65) 



parameter for charges [7]. The reduced internal excess 
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D(l,2) = 3(m?F")(m“2r")-A(l,2) ; 

Reduced units are used for distances and dipole moments: 



( 68 ) 



r 

x = — 

G 



=■ 



yjA^SgkgTa^ 

The MSA problem is defined by the OZ equation 

h(\,2) = h\p,r) + G(l,2) = c(l,2)-pUl,2)ha2)dQ) 

and the closure relation 

h(\,2) = -\ for r<(T ; c(l,2) = -/5f/'’(l,2) for r>cT 



(69) 



(70) 



(71) 

h^{p,r) is, as before ,the corresponding solution of the PY problem for hard 
spheres of diameter G and number density p . The convolution in Eq. (4) now con- 
tains integrations in the angular space where 

dO) = dr,dCi^ ; \dCi^= ^sm{G)de^^ dn = An 

for linear molecules. The angular dependence of the correlation fimction 
G(l, 2) is given by an expansion in the A(l, 2) - and D(l, 2) - terms with r - 
dependent coefficients 

C7(l,2) = /t,(r)A(l,2) + /i^(r)Z)(l,2) ^^3^ 

The solution of the dipolar problem in MSA can be traced back to the hard 
sphere problem in PY approximation with number densities = 2K p and 

p_ =-Kp [40] as 

h^{r)^2K{h\p,,r)-h\p_,r)] for r>cr 

and 

hD^r) = K{2h\p^,r) + h\p_,r)] for r>a 

and 

Kir) = hjr)-^ [ hDir')r'^dr' 

r * (76) 

The factor K is connected with the dipolar excess energy in MSA and given by 

(77) 



(74) 



(75) 



NkgT 






where y is the dimensionless coupling parameter for dipolar systems. 
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The static permittivity E follows from the Kirkwood formulae [16] 



{e - 1)(2e + 1) 



= ygK 



(79) 



The Kirkwood factor describes the correlations between dipoles in the sys- 
tem calculated from the mean square of the total dipole moment 

M = ^ fhi of the system, given by 

3 * (80) 

In the present approximation this is 



gf" = '^ + ^^l{h\p,,r)-h\p_,r)ydr 

3 * (81) 

A very simple expression results then for the dielectric constant results in the 
MSA, namely 



{l + AKTifil + KrT^-^ 

In the LIN approximation the pair distribution function g(l,2) reads 



(82) 



g(l, 2) = (r)[l + A, (r)A(l, 2) + (r)D(l, 2)] 

which is equivalent to 

^r(r) = g\r)hjr) ; h^'^(r) = g<^(r)h,(r) 



(83) 



(84) 



Eq. (18) together with Eq. (14) leads to a corrected Kirkwood factor , 
( jc = riR ) 



gf‘=gTySgK 

with 



(85) 



5g^=\(>Knlh\p,x\h\p^,x)-h\p_,x)\x^dx 

(oo) 

The correction term can simply be calculated by using the Fourier transform of 
the PY hard sphere direct correlation function [18,4]. 

With the corrected Kirkwood - factor a new approximation for the static 
permit! vity E is calculated according to Eq. (13). 
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(g"^-l)(2g^^ + l) u, 

g^LIN y^K 

A LIN approximation for the internal excess energy is derived as 



( 87 ) 



^ex.UN 



NkJ 



=^-3yK‘- 



with calculated from 

Jc7 f 



( 88 ) 



( 89 ) 



Some results of these calculations are compared in Table 1 with the results of 
RHNC calculations derived according to eq. (22). 



Table 1 Thermodynamic functions for dipolar hard sphere model systems [41: 



m 


MSA 


LIN 


RHNC 1 


Static permittivity s \ 


1.0 


7.8 


9.26 


9.82 


2.0 


20.0 


27.0 


32.0 


Reduced internal excess energy -ET^/NkT 1 


1.0 


0.689 


0.746 


0.972 


2.0 


1.99 


2.19 


2.613 



For simplified models of polar fluids these approximations give a first impression on 
the dielectric constants of real systems. We consider the polar liquids water, acetone 
(AC), chloroform (CF), methylen chloride (MC), tetrahydrofurane (THF), and di- 
methylformamide (DMF). Taking into account experimental number densities p , 
dipole moments p and effective values of the particle diameter a , which are esti- 
mated in prescribing the packing fraction of the molecules a fixed value T] = .45 , 
the following Table 2 results 

Table 2 Static dielectric permittivity 6 of polar hard spheres at 298. 15 - MSA - and 

LIN approximations. 
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Water 


3.33 


6.21 


2.88 






0.4(1.44) 


80.2 


78.4 


AC 


0.81 


9.51 


4.61 






- 


- 


21.0 


CF 


0.743 


3.84 


4.75 






6.5 (8.53) 


4.86 


4.8 


MC 


0.934 


3.80 


4.40 


2.75 




13.0(6.82) 


8.81 


8.9 


THF 


0.738 


5.84 


4.76 


4.99 


5.57 


4.0 (6.84) 


7.51 


7.5 


DMF 


0.719 


12.87 


4.80 


40.89 


59.96 


- 


- 


37.4 



2.4.2 Polarizability of Solvent Molecules 

If polar solvent molecules have a finite polarizability, calculations in the liquid 
phase have to be fulfilled with an effective dipole moment which is the sum of the 
permanent dipole moment and a contribution induced by the local electrostatic field 
of the surrounding molecules. An approximate value of this quantity is given in 
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terms of a scalar polarizability a from a mean field calculation [41,17]. By defin 
ing a reduced polarizability a —oclcj^ it follows that 









^ * 



{\-\6Kria')\ ' 



(90) 



The value of calculated from Eq. (24) is now introduced into the theory in- 
stead of jj* . Some calculations illuminate this approach, the results of which are 
also depicted in Table 2. If the polarizability a is used as an adjustable parameter 
instead of the experimental value ( which is given in brackets and calculated as one 
third of the trace of the corresponding polarizability tensor ), then the experimental 
values of the dielectric constant of the liquids studi^ are fitted. 



3. SOLVATION OF CHARGED HARD SPHERES IN A DIPOLAR 
HARD SPHERE SOLVENT 

3.1 MSA and LIN approximation 

The ideas underlying the concept of ion solvation may be illustrated here for the 
simple case of charged hard spheres representing the ions in a solvent made up of 
dipolar hard spheres. We consider the simplified situation that all particles have the 
same diameter a . The center to center vector between the point dipole and the ion 
is r = rr ^ . The ion-dipole interactions read for an ion with a charge e. = z.e and 
a solvent molecule with a dipole moment fh = jifn 






r <a 



C/.(l,2) = - 



zefj, 

A7tEf^r‘ 



■£(1,2) 



r>(j 

(91) 



where the angular function £'(1, 2) is given by the scalar product 



^( 1 , 2 ) = ( 92 ) 

It m^y be represented with the help of the angular function Q = {0, (/>) yielding 
for £*(Q) the relations 

f£(Q)i/Q = 0 ; j£(Q)' rfQ = - 

3 (93) 

The calculation of solvation energy starts from the energy equation for ion - 
dipole mixtures at vanishing ion concentration. At the limit of infinite dilution the 
sums vanish, and the number density p = N!V is that of the pure solvent. For the 
ion - dipole pair distribution function in the infinite dilution case results an expan- 
sion according to eq. (21) 



g. (1, 2) = (r)(l + zy (r)£(Q) +. . .) 

Insertion of Eqs. (1) and (4) into the expression for the internal energy yields the 
Bom energy of solvation [ 1 0,27, 1 8] 
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i"® = yO r^dr I 



-zefxE{^ 



e^r 



[g\r)il + zh^{r)E{Q))]dQ 



= £ h^{r)dr j£;(a)' da = -PBIE £ g\r)h\r)dr 

^0 3^0 ( 95 ) 

The integrand of eq.(5) g^{r)h^{r) is related to the polarization density 
P{r) around the solvated ion. 

At large distances ( r — > cx) ) the polarization vector P(F) = P{r)r!r has its 
macroscopic value obtained in continuum theory 






z,e 






where the polarization density P^{f) is given by 

pn 






(96) 



(97) 

The microscopic expression for the polarization density follows from 

the angular average of the orientational correlations of the dipole molecules at dis- 
tance r from the central ion 

Pr\r) = PH lg,,(r,Q)£(Q)r/Q = ^g«(A-)/t"(r) 

3 (98) 

which at large distances must be equal to its macroscopic value , Eq. 

(7). Therefore 



lim/i^(r) = 



3(g-l)e 

^nppeB 



= h^'”{r) 



(99) 

The solution of the MSA equations for the ion dipole mixture in the infinite dilu- 
tion case leads to an integral equation for a fimction F{r) which is related to 

(r) in the following way; 

h^{r) 



= l + F(r)-r 



dF(r) 



r > cr. 



' dr 

The integral equation for F{r) is expressed as [10] 
X 



F{x) = 






x<\ 



( 100 ) 
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F{x)^2A4[F{x-y) 

InEq.(lOl) 

. K 3 
^ =—7tpG 






2(i-2^y 



(1-2^^ 



dy ; X > 1 



( 101 ) 



( 102 ) 



where K is the energy constant of the pure dipolar system, defined by Eq. (77) 
The solution of Eq. (101) has to be done numerically. 

The Bom solvation energy Ef in the MSA is from Eq.(5) with g^(f) = \ 






z.e' 0::i) ^ 



MSA 



-1 



Here b. is the Bjerrum parameter of the ion i , 






z.e 



AtvSqS^^^ct 



(103) 



(104) 



and is the dielectric constant of the pure dipolar system , calculated in the 
MSA. 

In the LIN approximation is the relation between microscopic and macroscopic 
polarisation density given by 



p-nacro^r) /l^’“(r) ^ ^ \ dv 



r>a 



The Bom solvation energy in LIN approximation is 

(Ef = (Ef (1 + SEf ) 

The additional contribution is calculated as 

dF(r)^ 



SEf = 


fl 1 


rh\r)( 




1 1 + 4^J 


It ^2 



l + F(r)-r- 



dr 



dr 



(105) 

(106) 

(107) 



4. CONCLUSIONS 

To estimate stmctural and thermodynamic properties of solvation shells of ions 
on the Bom - Oppenheimer level, it is advantageous to use simplified models of ions 
and solvent molecules as a starting point. Complementary to more refined statistical 
mechanical methods, such as simulation methods and numerical solutions of integral 
equations, systems like hard sphere ions in dipolar hard spheres can be treated on the 
MSA or LIN level by simple anal>tical methods of real analysis, avoiding complex 
mathematical methods like numerical Fourier transforms or complex analysis. Prop- 
erties like internal energies, pressures and dielectric constants can be estimated in a 
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first approximation and the general behaviour of these quantities is described in a 

correct way if the input parameters of the calculations are altered. 
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I. INTRODUCTION. 

It has always been a dream of physicists and chemists to follow temporal vari- 
ations of molecular geometry during a chemical reaction in real time, to ’’film” 
them in a way similar as in the everyday life. Unfortunately, chemical events 
take place on tiny time scales comprised between 10 fs and 100 ps, approxi- 
mately. Visualizing atomic motions thus remained a dream over two centuries. 
This is no longer true today, consequence of an immense instrumental devel- 
opment the last decades. Two methods are particularly important. The first of 
them is ultrafast optical spectroscopy employing the recently developed laser 
technology. In his breakthrough work A. Zewail was able to show how can this 
method be used to follow the photoelectric dissociation of gaseous ICN in real 
time[l,2]. It has later been applied to several other problems, and particularly 
so to visualize OH..O motions in liquid water[3,4]. Unfortunately, visible light 
interacts predominantly with outer shell rather than with deeper lying core 
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electrons that most directly indicate molecular geometry. It is thus difficult 
to convert spectral data into data on molecular geometry. The second method 
refers to time resolved x-ray diffiraction and absorption. As x-rays interact pre- 
dominantly with deeply lying core electrons which are tightly bonded to the 
nuclei, converting x-ray data into data relative to molecular geometry is, in 
principle at least, much more straightforward than in optical spectroscopy. Un- 
fortunately, pulsed x-rays techniques are technically very demanding. Heavy 
constraints are imposed on pulse duration, brilliance, and photon flux. A num- 
ber of instruments are presently available, but none of them ineets all the re- 
quirements needed for a real time probing of molecular motions. An intense 
effort is actually being done to improve them. Nevertheless, in spite of these 
difficulties, important results have already been reached following this route[5- 
8 ], 

The purpose of the present paper is to discuss these two methods of visual- 
ization of molecular motions in dense phases. Time-resolved electron diffrac- 
tion will not be discussed: electrons having a short penetration depth, this tech- 
nique is more useful for studying gases and surfaces than for analyzing con- 
densed matter. Time scales considered range from the nanosecond to the fem- 
tosecond. The methodology employed as well as the information accumulated 
in this way will be illustrated on a few examples, hopefully representative of 
the current state-of-the-art. The two subsequent sections refer to time-resolved 
optical spectroscopy, and to time-resolved x-ray diffraction, respectively. A 
last section will summarize main conclusions. 

2. NONLINEAR OPTICAL SPECTROSCOPY 

2.1. GENERALITIES 

There exists a large number of nonlinear optical techniques [9,10]. In some of 
them the applied fields are stationary, and in the others they have the form of 
short pulses. The techniques of the first class are called frequency-domain tech- 
niques; they are particularly useful to detect level positions, transition dipole 
moments, etc. They are currently employed in studying simple systems like 
low density atomic vapour, small molecules in supersonic beams, etc. The 
techniques of the second class are designated as time-domain techniques; they 
are carried out on systems involving many degrees of freedom and permit to 
study different relaxation processes, to monitor molecular motions in real time, 
etc. As a rule, frequency-domain techniques are more appropriate for small and 
simple systems, whereas time-domain techniques are more adequate for com- 
plex and large systems. 

Another division concerns time-domain techniques. What is the pulse du- 
ration which is required? According to the basic principles of physics, it must 
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Figure 1 . Schematic representation of four-wave mixing experiments: ki , k2, k3 are wave vec- 
tors of the three incident pulses, and k^ that of the emerging coherent signal; the corresponding 
frequencies are flii, Q2> ^3 and Different choices of wave vectors and frequencies lead to 
different kinds of optical spectroscopy. In a pump-probe experiment ki=k2, k^=k3 and f 2 i=f 22 ) 
n^=Q3; in CARS ki=k3, k^=2ki-k2and Oi=Q3, 0 ^= 201 -^25 and in a 3 -pulse photon echo 
experiment k5=k3+k2-ki and 05=03+Q2“^ l* 



correspond to time scale of the process under investigation. How many incident 
pulses are employed? In some techniques only one pulse is generated, and its 
scattering by the system under investigation is examined. Between these tech- 
niques one can cite time-resolved fluorescence and time-resolved Raman. In 
four-wave mixing techniques three laser fields are employed with wave vec- 
tors ki, k2, k3 and frequencies coi, CO2 CO3 respectively. The fourth field is that 
of the emerging coherent signal where the wave vector k^ and the frequency 
co^ are: 



ks = ±ki ± ki ± ka 

(Os = ±C 0 i±C 02 ±C 03 (1) 

Various processes then differ in the choice of k^ and co^ (Fig. 1 ). The most 
familiar examples are pump-probe spectroscopy where ki=k2 and k^=k3; Co- 
herent Antistokes Raman Scattering (CARS) where ki=k3 and ks= 2 ki-k 2 ; or 
else 3 -pulse photon echo where k^=k3+k2-ki . In these processes the signal 
field is in a direction k^, generally different from that of the incoming wave 
vectors k/. It is possible to interpret this signal in terms of a grating formed 
by two beams and a third beam that undergoes a Bragg diffraction from the 
grating. The pump-probe spectroscopy is the simplest of these processes. 

A last division of nonlinear optical techniques is into resonant and off- 
resonant techniques. In the case of a resonant technique, the incident field fre- 
quency, or a combination of them, is equal to one of characteristic frequencies 
of the matter. The pump-probe spectroscopy is an example of such techniques. 
They provide a direct probe for specific eigenstates and their dynamical be- 
haviour. They are also sensitive to relaxation processes including spontaneous 
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Figure 2. Schematic representation of a pump-probe experiment. 



emission. In the case of an off-resonant technique, the incident field frequency 
is far detuned from any natural frequency of the system under consideration. 
Time-resolved Raman scattering is a representative of techniques of this class. 
Off-resonant techniques permit to avoid absorptive losses and other competing 
processes. Resonant and off-resonant techniques are both of common use. 

2.2. PUMP-PROBE SPECTROSCOPY 

A pump-probe spectroscopic experiment is pictured in Fig. 2 . A powerful laser 
L generates short, pico- or subpicosecond pulses with energy in the 10 // J range. 
Each of these pulses is split by a beam splitter B into two pulses of unequal in- 
tensity, an intense pump pulse P\ and a weak probe pulse P2. Their frequencies 
Qi , Q2 are obtainable from the initial laser frequency Ol W using a particular 
optical device C called wave length tuner. The time delay x between them is 
controlled by another optical device V consisting of elements that elongate op- 
tical path at will. The two pulses meet in the sample cell S where they mix and 
interact with matter. The pump pulse brings the molecules in an excited state. 
Prepared in this way, the system is unstable and relaxes back to the equilib- 
rium. This return to the equilibrium is then monitored by measuring the probe 
absorption for different probe frequencies Q2 and for different delay times x. 

The measured quantity is the signal defined as time integrated 

probe absorption W(Q.\^Q.2^^) in presence of the pump, minus probe absorp- 
tion Wo[Q.2) in absence of the pump. The signal may be positive or nega- 
tive, according to whether W <Wq ox W >W^\ these two processes are called 
bleaching and induced absorption, respectively. It results from this definition 
that the signal 5 is a differential quantity. Experimental data are generally pre- 







115 



sented in one of the following two ways. The signal S may be plotted for a 
fixed pump frequency Q\ and a given delay time t, as a function of the probe 
frequency 0.2- This plot represents a frequency-resolved spectrum. Alterna- 
tively, it can also be recorded for fixed pump and probe frequencies Qi , Q 2 > as 
a fimction of the delay time t. This forms a time-resolved spectrum. Of course, 
a complete collection of frequency-resolved spectra contains exactly the same 
information as a full collection of time-resolved spectra. However, one never 
has at one’s disposal all of them, and it is generally found useful to consider 
them both. 

2.3. HYDROGEN BONDING AND ITS PROPERTIES 

The material chosen to show how atomic motions can be visualized is liquid 
water. This fluid has a huge importance for all living bodies, and thus mer- 
its a special concern. For convenience, the experiments have most often been 
realized in diluted solutions HDO/D 2 O rather than in normal water. In these 
solutions the dominant force is hydrogen bonding, a weak chemical bond be- 
tween the two water molecules. The OH grouping of one of them acts as proton 
donor, and the oxygen atom of the other acts as proton acceptor. The length r 
of an 0H..0 group fluctuates in wide limits, somewhere between 2.75A and 
3.00A; liquid water may thus be viewed as a mixture of hydrogen bonds of dif- 
ferent length. Which are molecular dynamics to be monitored? The motions to 
be visualized are the stretching motions of the 0H..0 group, and the rotations 
of HDO molecules captured in it. 

Two important characteristics of hydrogen bonding must be mentioned, 
(i) The OH stretching vibrations are strongly affected by this sort of interac- 
tion. The stronger the hydrogen bond, the softer the OH link and the lower is 
its frequency Q: the covalent OH bond energy is lent to the 0H..0 bond and 
reinforces the latter. Although the connection between O and r is not strictly 
one-to-one, a number of extremely useful relationships linking them were pub- 
lished, following the initial proposal of Rundle and Parasol[ 11,12]. The one 
frequently adopted is the relationship due to Mikenda[13]. It was obtained by 
compilation of spectroscopic and structural data of 61 solid hydrates contain- 
ing more than 250 hydrogen bonds (Fig. 3a). As in HDO/D 2 O the mean value 
of il is £2o = 3420 cm" ^ , the equilibrium 0H..0 bond length ro = 2.86A is pre- 
dicted by the Mikenda relationship, (ii) Not only the OH vibrations, but also 
the HDO rotations are influenced noticeably by hydrogen bonding. This is due 
to steric forces that hinder the HDO rotations. As they are stronger in short 
than in long hydrogen bonds, these rotations are slower in the first case than 
in the second. Although this effect was only recently discovered[14], its exis- 
tence can hardly be contested. With this information in mind, the experiments 
can be described as follows. 
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(a) : Mikenda (b) : > Qq 

ri>ro 



(c) : < Qq 

ri<ro 






Figure 3. (a) Mikenda relation connecting the OH stretching frequency Q and the 0H..0 bond 
length r: Q 0 and ro denote the equilibrium values of Q. and r in a diluted HDO/D 2 O solution, (b, 
c) Principle of the experiment: Qi and ri represent the mean values of O and r in a coherently 
excited wave packet. 



2.4. PRINCIPLE OF THE EXPERIMENTS 

The pump-probe experiment set-up to visualize the 0H..0 stretching motions 
in water is as follows. An ultrafast pulse of frequency Q \ , belonging to the con- 
ventional OH stretching band of HDO, is used to excite OH vibrations; this ex- 
citation results in selecting OH..O bonds of a given length r\. Prepared in this 
way, the system relaxes back to the equilibrium and is monitored by a probe 
pulse; the OH band is recorded for different time delays T. Two choices exist 
for the pump frequency Q\ . First, let Q\ be larger than Oq, the mean frequency 
of HDO in D 2 O (Fig. 3b); the laser selected 0H..0 bonds, initially longer than 
in equilibrium where their length is equal to ro, contract with time, and a low 
frequency shift of the OH band from to Qq may be anticipated. The oppo- 
site behaviour is expected if Q,\ is smaller than Oq (Fig- 3c); the 0H..0 bonds, 
initially too short, expand on relaxing and a high frequency shift is expected. 
No band shift should be observed if Q\ is equal to Qq- Conversely, knowing 
the peak frequency 0(x) of the signal at time t and using the Mikenda relation 
between OH frequency and 0H..0 bond length permits determination of this 
distance at time T. The 0H..0 stretching motions in water can be visualized by 
proceeding in this way. 
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It is also possible to monitor molecular rotations in water. However, a po- 
larization resolved pump-probe experiment is required for that purpose. The 
method consists in selecting hydrogen bonds of a specified length r\ by pump- 
ing the system with an appropriate frequency , as described above. Molecu- 
lar rotations in the sub-set of hydrogen bonds obtained in this way are analyzed 
next by measuring the so called rotational anisotropy R — (5|| - 5j_ ) / (5|| -h 2S\_ ) 
for different time delays x; S|| is the pump-probe signal measured with pump 
and probe electric fields parallel to each other, and S_Lthat obtained when they 
are perpendicular. Rotational anisotropy is an important indicator of molecu- 
lar rotations in liquid systems. In fact, it was shown [15,16] that under certain 
conditions 

R{x) = (2/5) < P 2 (cos(e(x))) >= (2/5)exp(-3/2 < e^(t) >) (2) 

where Pi is the second-order Legendre polynomial and 0(x) the angle between 
the transition moment vectors in times 0 and x . It is also important to notice 
that R{x) as given above is independent of Q,\ and ^2- The main message con- 
tained in this formula is that the square averaged rotation angle y/< 0^(x) > 
is deducible from the rotational anisotropy i?(x). This sort of experiment thus 
has the intrinsic power of visualizing molecular rotations. 

2.5. THEORY OF BAND SHAPES 

Modem theories of band shapes all employ the density matrix approach of 
statistical mechanics. This is tme for both linear and nonlinear spectroscopy. 
Noted by p(/), the density matrix of a system submitted to electromagnetic 
radiation may be calculated treating the von Neumann equation for p(/) in the 
frame of the perturbation theory. The energy of interaction between the system 
and the radiation field is considered as a perturbation. If this interaction energy 
is small enough, only linear terms need to be retained. This is the case for all 
standard versions of absorption spectroscopy, nuclear magnetic resonance, di- 
electric absorption and relaxation, etc. If, on the contrary, the energy deposited 
by a laser is large enough, the perturbation series can no longer be tmncated 
after its linear terms, and higher-order terms must be considered. For example, 
terms up to the third order in perturbation energy are needed in pump-probe 
spectroscopy where [17,18] 

= {2/n)Im{fr^dtf-dx, JodxiJ-dx, 

X < £ 2 /(r, t)Ej(r, t - X 3 )Ek(r, t - X 3 - X 2 )Ei(r, t - X 3 - X 2 - Xi) >e 

X < M/(0)[A/it(xi), [My(xi -hX 2 ),M('^i +X 2 +X 3 )]] > 5 * (3) 

This expression involves two kinds of four-time correlation function, the cor- 
relation functions of the total and the probe electric fields E and E 2 , and that 
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of electric dipole moment M of the system. The indices i,j,k,l denote Cartesian 
components of these vectors; the Einstein convention is employed indicating 
a summation over doubled indices. The average < >s is over the states of the 
non-perturbed liquid system, and the average < >e is over all possible real- 
izations of the incident electric fields. The symbol [ , ] denotes a commutator 
and the dot a time derivative. Choosing the electric fields Ei , E2 of appropriate 
form, all possible cases of polarization may be treated. The above expression 
for *S(£2i , 5 represents an exact third-order perturbation theory result. 

Applying it to the study the 0H..0 stretching motions in water is straight- 
forward. On the contrary, a difficulty arises in examining HDO rotations in 
water. The problem is that the experiment envisaged to visualize rotational 
dynamics of HDO in D2O is based on Eq. (2), derived under a number of re- 
strictive conditions. It was supposed that (i) the coupling between molecular 
rotations and other degrees of freedom of the system is absent, and (ii) the 
time delay between the pump and probe pulses is long enough to avoid their 
overlap. Are they satisfied in the case of water? The condition (ii) certainly 
fails at small t’s where the pump and probe pulses overlap, whatever the mate- 
rial under consideration. Unfortunately, the condition (i) is not satisfied neither 
for water, although it is in many other liquids: HDO rotations depend on the 
0H..0 bond length, and are thus correlated with 0H..0 stretching motions. 
Can Eq. (2) still be applied in spite of this difficulty? To answer this ques- 
tion an important theoretical effort based on Eq. (3) was necessary, and led to 
the following conclusions [19]: The first is that correlations between rotations 
and OH..O motions transform an initially unique curve R = R{x) into a family 
of curves R = ,^22,"^). The second effect is the interference of the pump 

and probe pulses at short times where they overlap. Rotational anisotropy no 
longer remains a useful indicator of rotational dynamics at these time scales. 
Finally, if this short time domain is eliminated, still permits to 

visualize molecular rotations, even if correlations are present. A mono-colour 
experiment, where Q\=Q,2y is required to monitor molecular rotations in hy- 
drogen bonds of a fixed length; and a two-colour experiment, where 
is needed to follow these motions in contracting or expanding hydrogen bonds. 
If necessary precautions are taken, ultrafast laser spectroscopy permits to visu- 
alize molecular rotations in water! 

2.6. “FILMING” MOLECULAR MOTIONS IN LIQUID WATER 

Hydrogen bond motions discussed in this Section were all probed with 150 fs 
resolution. The data presented hereafter concern 0H..0 stretching and HDO 
rotational dynamics. The first of them [3,4] were monitored at two excitation 
frequencies, at =3510 and 3340 cm~^ If the excitation is at 3510 cm“^ 
the length of the pump selected hydrogen bonds is r\ = 2. 99 A, longer than ro = 
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2.85 H 



(b) ' 




Figure 4, Observing 0H..0 motions in real time: The length toh..o bond is expressed as a 
function of the time T. The initial 0H..0 bond length is 2.99 A in (a) and 2.80 A in (b). The 
points represent experimental data. The full curves are given by Eq. (5) of the text. 



2.86A: Fig. (4a) thus illustrates the contraction of initially elongated hydrogen 
bonds. If the excitation is at 3340 cm“^ the length of the pump selected hy- 
drogen bonds is r\ = 2.80A, smaller than ro = 2.86A: Fig. 4b thus pictures the 
extension of initially compressed hydrogen bonds. Each point represents an 
experimentally measured bond length. The 0H..0 dynamics were thus studied 
in real time, and the bonds were “filmed” during their evolution in the liquid 
sample. It is interesting to notice that these motions are all monotonic and that 
no oscillations appear. They are strongly damped as expected; though, it is 
fascinating to “see” them directly! 

This Section may be concluded by presenting two “films” showing HDO 
ro tations in liquid D 2 O [19-21]. The mean squared rotational angle 
of the OH bond of HDO is illustrated as a function of time x 
(Fig. 5). The OH..O bond length is kept constant and equal to 2.99 A in curve 
(a), whereas it contracts from 2.99A to 2. 86 A in curve (b). One notices that 
rotational angles of the order of 35^ are attained in times of the order of 700 
fs. As bending of this magnitude leads to a breaking of hydrogen bonds, one 
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Figure 5. Real time “filming” of HDO rotations: The measured quantity is the mean squared 
rotational angle \/< 0^ (x) > of the OH bond of HDO measured in degrees. The 0H..0 bond 
length is equal to 2.99 A in the curve (a), whereas it contracts from 2.99 A to 2.86 A in the 
curve (b). As expected, the OH rotations are slower in short 0H..0 bonds. 



concludes that their lifetime in water is rotation-limited. Unfortunately, our 
camera is blind at very short times where the pump and probe pulses inter- 
act co herently: no visualization is possible at these time scales. Note however 
that i/< 9^(0) > is larger than zero for any finite pump-probe pulse duration. 
Nonlinear optical spectroscopy thus brings new contributions to the science of 
hydrogen bonding. 

3. TIME RESOLVED X-RAY DIFFRACTION 

3.1. GENERALITIES 

A number of excellent text-books exist describing x-ray diffraction; see e.g. 
Ref [22]. In a time-resolved x-ray diffraction experiment, the system is first 
submitted to an intense optical pump pulse, triggering a chemical reaction. Its 
time evolution is monitored next by the help of a x-ray probe pulse, emitted 
later with a well defined time delay. Changing it then permits to visualize the 
reaction products in real time. Unfortunately, this experiment, although con- 
ceptually simple, is difficult to realize in practice. Two major techniques are 
actually in use. (i) In the first of them, a synchrotron is employed to generate 
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(b) Laser plasma source 




Figure 6. Sources of pulsed x-ray radiation: (a) In a synchrotron source fast electrons circulate 
in a storage ring. Extracted from it, they cross an undulator which forces them to oscillate and 
to generate high intensity x-rays. Electronic devices are used to transform continuous x-ray 
radiation into pulses, (b) In a laser plasma source, a terawatt laser beam is focused on a metallic 
surface. The high temperature at the point of impact produces hot plasma emitting pulsed x-rays. 



fast electrons circulating in a storage ring; the dimensions of the latter are of 
the order of 300m (Fig. 6a). This ring is designed with straight sections, where 
an insertion device is placed. Called undulator, this device consists of a lat- 
tice of magnets which force the electrons to execute small oscillations; intense 
beams of radiation are produced in this way. If the electron current inside the 
storage ring is not constant, but is formed of bunches, pulsed x-rays are cre- 
ated. This source may generate high flux beams with pulses between 50 and 
200 ps and a well defined structure and polarization, (ii) The second source 
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is a plasma-laser source. Contrary to a synchrotron source, it represents a ta- 
ble top instrument in which a terawatt optical pulse is directed on a metallic 
surface (Fig. 6b). Hot plasma appears at the point of impact, and x-rays are 
emitted by it. Being as short as laser pulses, x-ray pulses may have a subpi- 
cosecond duration; unfortunately, their intensity is comparatively weak. None 
of actually available x-ray sources meets all the requirements needed for real 
time probing of molecular motions, and compromises are necessary. This sit- 
uation recalls that of laser spectroscopy 30 years ago. However, instrumental 
developments are extremely fast, and the situation may evolve very quickly. 

The quantity measured in a time-resolved x-ray diffraction experiment is 
the signal AS, defined as time integrated x-ray energy flux S scanned in a solid 
angle in the presence of the pump, minus time integrated energy flux So in 
a solid angle in the absence of the pump. AS depends on two variables, the 
scattering wave vector q = k/ - where k/ and ks are wave vectors of the 
incident and scattered x-ray radiation, respectively, and on the time delay x 
of the probe pulse with respect to the pump pulse. This technique is thus a 
two-dimensional technique in the same sense as multidimensional laser spec- 
troscopy or multidimensional NMR. It is then useful to distinguish between 
q-resolved and x-resolved x-ray scans; the argument is the same as in optical 
spectroscopy. The procedure just described is very novel in x-ray physics, and 
makes time-resolved x-ray diffraction conceptually similar to time-resolved 
optical spectroscopy. 

3.2. THEORY OF TIME-RESOLVED X-RAY DIFFRACTION 

A major feature of the present problem is that the optical pump and the x-ray 
probe pulses have vastly different energies and wavelengths. The typical en- 
ergy of photons in the optical pulse is on the order of a few eV, whereas that 
of photons in the x-ray pulse is in the keV range. This duality strongly compli- 
cates the experimental work but simplifies, rather than complicates, theoretical 
calculations. It makes a separate study of x-ray probing and of optical pumping 
possible, which reduces the complexity of the problem considerably. The fol- 
lowing route may thus be chosen to construct a theory of time-resolved x-ray 
diffraction. The first step consists in developing a Maxwell-type theory of x-ray 
scattering by an optically excited system of charges and currents, and the sec- 
ond step in presenting a statistical description of pump-induced changes in the 
electron density. The following expression for the differential signal ^^(q,!) 
was reached in this way [28]: 



= j dtIx{t-x)ASi„si{q,t), 



(4a) 
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X <£;,(r,t-Xi)Ej(r,t-ti-X 2 ) >e 
X < +^2)f{ll +X2),M,(X2)],M,(0)1 >s (46) 

In this equation Ix(t) is the x-ray beam profile, P is a factor depending 
on the polarization of the x-ray electric field, £/, Ej are cartesian components 
of the pump electric field E, M/, Mj are cartesian components of the dipole 
moment vector M of the system and f{t) = /^/rn(r,t) exp(-iqr) is the time- 
dependent x-ray form factor where «(r,t) is the time-dependent electron den- 
sity. The Einstein convention is employed all along indicating a summation 
over doubled indices. As in optical spectroscopy, the description of the exper- 
iment requires two correlation functions. The first of them involves the pump 
electric field E, and the second the form factor / as well as the electric dipole 
moment M of the system. The symbol < >e indicates an averaging over dif- 
ferent realizations of the incident optical field, and the symbol < >5 that over 
the states of the non-perturbed system. Eq. (4) is the basic equation of time- 
resolved x-ray diffraction; it is of a very recent date. The similarity of Eqs. (3) 
and (4) should be emphasized. 

3.3. PRINCIPLE OF THE EXPERIMENT 

This technique will now be applied to re-examine an old problem of chemistry, 
the recombination of photo-dissociated iodine in solution. Being considered as 
a prototype of a “simple” chemical reaction, this process has been extensively 
studied in the past. It can be realized in two different ways. The solvent can 
trap the dissociated atoms in a solvent cage and force them to recombine; this 
is what is called geminate recombination. Alternatively, the atoms can also es- 
cape the cage and recombine with another partner; this is non-geminate recom- 
bination. Two points emerged from a long lasting research effort: (i) The iodine 
molecule possesses a large number of valence shell electrons, and thus has a 
large number of electronic states [23] (Fig. 7). Ten of them correlate with the 
atomic states where the two iodine atoms are in the ground state 

^^ 3 / 2 ; and eleven other molecular states correlate with atomic states ^P 2/2 + 
^Pif2&nd^Pi/2 + ^P\/2 where one iodine atom at least is in its first excited state 
These states are all repulsive, with exception of the states X,A,A’ and B. 
(ii) As the electronic structure of molecular iodine is complex, the I 2 recom- 
bination reaction can not be simple, contrary to the initial intuition. Powerful 
techniques of time-resolved spectroscopy [24,25] and of computer simulation 
[26] were needed to elucidate essential features of these complex dynamics. 
Time scales involved are comparatively long and range in the nanosecond time 
domain. 
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Figure 7. Electronic energy surfaces of I 2 . Only four of ten electronic states correlating with 
the ground state X of I 2 are illustrated. The states A/ A’ and B are attractive and all the others 
are repulsive. The interatomic distance of I 2 is 2.68 A, and the interatomic distance Ro of 
the hot molecule I 2 is 4 A. 



We shall now re-examine this problem by employing time-resolved x-ray 
diffraction techniques [27]. The principle of our experiment is as follows. One 
starts by exciting optically at 520 nm a dilute I 2 /CCI 4 solution; this brings the 
iodine molecule into the electronic states B and *71^. These states dissociate 
in times of the order of 1 ps into the atomic state A hot io- 

dine molecule 1*2 results, having a length Rq of the order of 4A. Subsequent 
transformations I* 2=>21 and I* 2 =>l 2 are just those we wish to study. Once 
triggered, the geminate and non-geminate recombinations are monitored using 
time-delayed x-ray diffraction. The x-ray signal of the solution was 

then measured as a function of both wave vector q and time x. The optical 
pulse duration was of the order of 100 fs, and that of the x-ray pulse was of the 
order of 100 ps. Unfortunately, the x-ray source of the European Synchrotron 
Radiation Facility in Grenoble does not permit a better adjustment of these two 
pulses. 
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Figure 8. The q-resolved x-ray scans of an I 2 /CCI 4 solution: The region which is explored 
extends from 0.5 A“* to 9 Three time points are presented where T=100 ps (a), 1 ns (b) 
and \fis (c). The low q-region where q indicates the CCI 4 heating, whereas the high 

q-region where q> 4A~^ is governed by kinetics of photo-excited I 2 . 



3.4. MONITORING IODINE RECOMBINATION IN REAL TIME 

The following conclusions were reached from our study. It was first noted that 
the q-resolved A5(q,T) scans permit to explore difiFerent chemical processes in 
different domains of q (Fig. 8). the x-ray scans mainly reflect the I 2 

kinetics. The maxima of AS(q,x) coincide nearly completely with the minima 
of S(q), which is expected if x-ray diffraction is due predominantly to the laser 
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Figure 9. The T-resolved x-ray scans of an I2/CCI4 solution: Only one q-point is examined 
where q=1.15 A“^; this limitation is due to experimental difficulties. On the contrary, the T 
domain which is covered extends from 100 ps to l//s. 



generated hole in the I 2 ground state population. Moreover, temporal evolution 
of the observed x-ray signals is the same as in optical spectroscopy. The agree- 
ment between theory and experiment represents a further confirmation of the 
above interpretation. 

If ^ < 4A~^, the q-resolved A*S’(q,t) scans tell a completely different story. 
They then illustrate the kinetics of the laser heated CClj. To make sure that it is 
so, the solvent contribution to the signal AS(q) was calculated theoretically by 
Molecular Dynamics for a temperature raise the liquid by 2,6K, The agreement 
between experiment and theory at long times, where the contribution of the 
iodine disappears, is perfect. All major peaks are properly located. Although 
the calculation is less accurate at short times, the agreement still remains good 
enough to confirm the present analysis. The and CCI 4 kinetics are coupled to 
each other through their common relaxation times: it should then be possible 
to study the kinetics of I 2 by “looking” on CCI 4 ! 

Finally, the T-resolved ^^(qjT) scans still remain to be discussed. Mea- 
suring them is more difficult than recording q-resolved scans: only the most 
intense diffraction peak at q=1.15 A“^ was examined for that reason. Its tem- 
poral evolution is illustrated in Fig. 9. As in this case q < 4/T*, this peak 
mainly describes the expansion of the solvent due to its heating by recom- 
bination of h. The agreement between theory and experiment is, here again. 
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satisfactory. Combining data provided by q-resolved and T-resolved scans thus 
increases considerably our information about this prototype reaction. 



4. CONCLUSIONS 

It results from the present review that observing temporal variations of molecu- 
lar geometry, as chemical reaction goes on, is no longer an unrealizable dream. 
Time-resolved optical spectroscopy, time-resolved x-ray diffraction and ab- 
sorption are the main techniques permitting to attain this goal. Pulsed radi- 
olysis or time-resolved electron diffraction may also be employed. As far as 
the theory is concerned, its main tools are statistical mechanics of non-linear 
optical processes and large-scale computer simulations. It should be strongly 
emphasized that basic theoretical concepts are all the same, in spite of huge dif- 
ferences in the experimental technology when going from optical spectroscopy 
to x-ray diffraction. As a whole, the field is still far from reaching its maturity. 
Nevertheless, a rapid progress may be anticipated for the next future 
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Abstract: The way Reverse Monte Carlo (RMC) modelling facilitates the interpretation 

of diffraction data taken on molecular liquids is described. It is suggested that 
the subtraction of the intra-moXecvXdir contributions, which is prone to numeri- 
cal errors, can successfully be replaced by modelling the full structure factor 
using flexible molecular units in the RMC simulation. Moreover, details of the 
molecular structure in the liquid state may also be obtained in such a way, as 
will be demonstrated by the example of molten tungsten-hexachloride. It is 
shown that in many cases, one single total structure factor can provide infor- 
mation on the partial pair correlations. The required scattering vector range for 
a successful experiment is also discussed; the indications are that in a number 
of instances, measuring the structure factor up to about 10 A * may be suffi- 
cient for capturing the most important features of the microscopic structure. 



1. INTRODUCTION 

The microscopic (atomic level) structure of a material is arguably its most basic 
property; the knowledge of it is essential for understanding (and/or evaluating) other 
properties, as well. The experimental technique that can provide direct information 
on the structure of a system in the condensed (solid and liquid) phases is (X-ray or 
neutron) diffraction. 

For crystalline materials, in general, it is possible to determine the coordinates of 
each particle (atom or ion) in a 'building block' (unit cell) of the structure. For disor- 
dered (liquid and amorphous solid) systems, however, this is not possible, for the 
lack of such structural units; the desription of the structure is only feasible in terms 
of correlation functions (see, e.g.. Ref [1]). As a further principal restriction, dif- 
fraction data, i.e. the most important experimental source of information, can 
uniquely characterise pair correlations only. In practice, diffraction data are always 
subject to limitations (most importantly, in terms of the scattering vector {Q-) range 
available) and errors (systematic and statistical); due to these, even the pair correla- 
tion function is burdened with (sometimes, significant) uncertainties (see, e.g.. Refs. 
[2,3]). 

Our current subjects, molecular liquids have been the subjects of structural stud- 
ies for decades (for an early study, see, e.g.. Ref [4]). Although the number of ex- 
periments carried out is really impressive, in most of the cases no in-depth knowl- 
edge of the atomic level structure could be gained. Most frequently, it is only rather 
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vague, qualitative statements that could be made on, for instance, the mutual orienta- 
tions of neighbouring molecules (even when coupled with highly sophisticated the- 
ory, see, e.g., Refs. [5,6]). 

The reasons for this deficiency of experiment-based knowledge are manyfold 
(multicomponent systems; unfortunate weighting factors; materials contain hydro- 
gen which is bad for both X-rays and neutrons; complicated internal structure; etc...) 
but if one wants to name the origin of them then it can possibly be said that we sim- 
ply want to derive far too many details on the grounds of measured quantities that 
are far too much of averaged in nature. The main consequence of all this is that there 
are many (sometimes, very) different local arrangements (orientations) of 
neighbouring molecules that will result in the same two-particle correlation function 
- and we are able to measure only this latter (or rather, something related to this lat- 
ter) directly. There is not much to improve on this sad situation (because we have no 
experimental means for that). However, one always has to bear this inherent feature 
in mind while dealing with structural features of molecular systems (and not to over- 
interpret results, either from experiment or modelling). 

2. EVALUATING DIFFRACTION DATA: THE TRADITIONAL 

WAY 

This contribution focuses on making the point that modelling must be an essen- 
tial constituent of the interpretation of diffraction data from molecular liquids. After 
considering general issues, some particular details of the interpretation procedure 
will be dealt with. It may be helpfiil if the traditional way of evaluating diffraction 
data (on molecular liquids) is described shortly, marking the points vfrich we wish 
to address later. 

(i) Standard correction procedures, for calculating the structure factor from the 
measured angle dependent scattering intensity curve. Although 'inverse’ methods, 
such as the MCGR programme [2], can help during the correction stage by, for in- 
stance, subtracting a quadratic background (and thus mimicking inelastic corrections 
[7]), these possibilities are not considered here in detail. 

(ii) Subtraction of the intra-molecular contribution from the structure factor. 
This stage is executed with the purpose of 'cleaning' the signal from contributions 
that are characteristic to the structure of the molecule only (for examples, see Refs. 
[8,9]). The way it is done is that one exponential expression is assigned to each (kind 
of) intra-molecular distance (the two parameters of the expressions are the distance 
itself and its variance, the Debye- Waller factor). The sum of these exponentials, the 
'intra-molecular structure factor' is then fitted to the 'high Q part' of the measured 
(total) structure factor (tsf). Finally, by making use of the parameters of the best fit, 
it is possible to extrapolate the 'intra-molecular structure factor' to lower Q values 
and then, to subtract it from the total structure factor. While this is a perfectly le- 
gitimate procedure in principle, in practice one never knows exactly when the 'high 
Q part’ of the structure factor, where inter-molecular contributions can be neglected, 
begins. Since very small uncertainties at the high Q bit can cause large discrepancies 
in terms of the values of the parameters of the exponential terms, subtraction at low 
Q may lead to large errors (in terms of the inter-molecular structure factor). Addi- 
tionally, by definition, the inter-molecular part is considered as correlations between 
(atoms of) rigid molecules, which may not be justified in many cases. It is suggested 
here that this step should be omitted and the full structure factor, containing intra- 
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and inter-molecular contributions, should be considered throughout the entire 
evaluation process. As it will be shown by the example of tungsten-hexachloride, 
proper handling of flexible molecules can provide information on the molecular 
structure, as well. 

(iii) Separation of the partial structure factors (in the case of multi-component 
systems). Traditionally, this step is made by inverting the matrix consisting of the 
coefficients of the partial structure factors in the different total structure factors (see, 
e.g.. Ref [10]). However, as many independent total structure factors are required 
for performing this step as many partials are present in the system - for a two com- 
ponent liquid, like water, three measurements (using different techniques, or more 
frequently, different isotopic compositions) are mandatory. The availability of suit- 
able techniques/isotopes is far from guaranteed and therefore most frequently, carry- 
ing out the necessary number of experiments is impossible, making the determina- 
tion of the partials impossible. By the example of carbon-tetrachloride, it will be 
shown that under favourable conditions, only one total structure factor is able to 
provide information on more than one partial. 

(iv) Fourier transformation to real space: obtaining (partial) pair correlation 
functions. In order to minimise truncation errors thay may occur during this step, 
measurements should be made covering the widest 0-range, at least up to 20 A’^, 
that is available only at the best instruments. It will be shown here that by making 
use of inverse methods (like Reverse Monte Carlo modelling), that do not perform 
the Fourier transform from 0-space to r-space but only the inverse of this, the above 
requirement on the 0-range covered will be much less strict. (Note that similar 
statement can be made concerning point (ii), as well.) 

(v) Interpretation: calculating coordination numbers, constructing model orien- 
tational correlation fucntions, etc... Based only on the (partial) pair correlation flinc- 
tion(s), possibilities are rather limited. Carrying these post-evaluation steps out is 
much easier if structural models (with particle coordinates) are present. Here, only a 
limited exploitation will be demonstrated, by showing bond angle distribution func- 
tions for some liquids. Note, however, that anything that is calculable from particle 
coordinates can be evaluated if structural models are available. 

3. WHY MODELLING? 

By ’models’, we mean large collections of particles (atoms, ions) in a simulation 
box, represented by Cartesian coordinates; the number of particles nowadays is - 
routinely - about 1 0000. There are (at least) two major reasons why constructing 
models is thought to be unavoidable when dealing with (the structure of molecular) 
liquids: 

(1) Extending available experimental information. We have to know (as 
much as possible about) the structure of (molecular) liquids; however, solely from 
experiments, it is only the pair correlation function, which is a kind of ’(weighted, 
according to the relative scattering power of particles) interparticle distance spec- 
trum’, that can be accessed. A three dimensional model that represents the experi- 
mentally measured structure factor(/pair correlation function) will provide additional 
information, like details of the local symmetries around particles, that can be calcu- 
lated from the particle coordinates. 

(2) Confirming the quality/reliability of measured data. As it was already 
mentioned, (experiment-related) difficulties are encountered while obtaining struc- 
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ture factors and pair correlation functions from diffraction measurements. Suitable 
structural models can provide more confidence in experimental data, by setting up a 
consistent system of measurement, the pair correlation function and three dimen- 
sional models. 

As an example of what ways proper modelling can provide valuable help, Figure 
1 shows results of two different neutron diffraction measurements of liquid D 2 O at 
ambient pressure and temperature. The two structure factors (one from a pulsed [11] 
and the other from a steady state [12] neutron source) differ noticably, particularly at 
higher scattering vector values. Since it is the same material and (at least, very 
nearly) the same technique, they should not: only one of the two measurements may 
be reliable. Reverse Monte Carlo modelling studies (see below) have been carried 
out for both sets of data and it turned out that when fitting one of the structure fac- 
tors (from Ref [12]), the fit actually resembles better to the other one (Ref [11]). 
That is, modelling could actually tell more and less reliable sets of data apart. 




Figure J. Total neutron structure factors for D20. Solid line: from Ref [11]; dotted line: from 
Ref [12]; dash-dotted line: RMC-fit to data from Ref [12]. 

As a consequence of the above, for learning the most that can be learnt about the 
structure of (molecular) liquids on the basis of diffraction experiments, we need 
large structural models that are consistent with diffraction data within their uncer- 
tainties. Unfortunately, more standard (molecular dynamics. Metropolis Monte 
Carlo) simulation techniques [13] are not, in general, able to provide such models, 
for the lack of suitable interatomic potential functions. (Also note that their aim is 
different, which is the understanding of the nature of interparticle interactions; mod- 
elling simply aims at the interpretation of diffraction results. It would be extremely 
desirable if the two went together - unfortunately, at the time of writing, this is prac- 
tically impossible.) 
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In the following Section, one possible way of making use of molecular model- 
ling will be shown. 



4. REVERSE MONTE CARLO MODELLING OF MOLECULAR 
SYSTEMS 

Here, we would first like to describe shortly what RMC is and then, to empha- 
size those properties 'which make it useful for interpreting diffraction results, par- 
ticularly on molecular liquids. For more detailed descriptions of the RMC method, 
see Refs. [14,15]. 

Reverse Monte Carlo is a simple tool for constructing large, 3D structural mod- 
els that are consistent (within the estimated level of their errors) with tsf s obtained 
from diffraction experiments. Via random movements of particles, the difference 
(calculated similarly to the;^-statistics) between experimental and model total struc- 
ture factors is minimised. From the particle configurations, the partial pair correla- 
tion functions, as well as other structural characteristics (neighbour distributions, 
cosine distribution of bond angles) can be calculated. 

For a molecular system, the choice of 'particles' to be moved is of particular im- 
portance. As it has already been mentioned if the intra-molecular part is subtracted 
from the measured structure factor then it is rigid molecules that must be moved - 
this is because no information on the molecular structure remains in the inter- 
molecular structure factor. However, as it was pointed out in, for instance. Ref [16], 
the concept of rigid molecules, strictly speaking, is not consistent with measured 
diffraction data which are limited in terms of the available scattering vector range 
and contain errors. The use of flexible molecules is therefore being advocated, 
which is realised via atomic movements. The proper molecular structure is main- 
tained via a kind of coordination constraints, coined 'fixed neighbour constraints' 
(fhc) [17,18]. Fnc's keep specified (by serial number) neighbour atoms within speci- 
fied distance ranges of central atoms - that is, fnc's are essentially a (rather purpose- 
built) neighbour list. Although file's work fairly well for small molecules (see be- 
low), it has to be noted that they cannot provide the ideal solution for molecular liq- 
uids since they cannot cope with (or 'excite') rotational degrees of freedom directly - 
wiiich are essential features of molecular systems. Rotation of small molecules can 
be brought about by atomic movements in practice, but even then, rod-like and flat 
molecules (or parts of molecules) cannot be handled properly. For this reason, an- 
other RMC code has been written very recently (and is being tested right now) 
which allow rotations and 'vibrations' (atomic displacements) alike [19]. 

The Reverse Monte Carlo algorithm for molecular systems, containing flexible 
molecules, may be given as follows: 

1. Start with an initial configuration with periodic boundary conditions. The po- 
sitions of the A(>4000) atoms should be consistent with the molecular structure al- 
ready at the start. Assume some tolerance for the intramolecular (bonded and non- 
bonded) distances. 

2. Calculate the partial pair distribution functions for this configuration 

n^:°(r) 

^ 47ir'^tSrp. 



( 1 ) 
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where is the number of atoms of type j at a distance between r and r+zl r 
from a central atom of type /, averaged over all atoms of type i as centres. The su- 
perscripts C and o refer to ’calculated’ and 'old', respectively, pj is the number density 
of particles type j. 

3. Compose the total pair distribution function(s) from the partials, weighted ac- 
cording to the concentrations and scattering powers of atoms: 

G""('-) = ZEc,c,6'^{g„(r)-l) (2) 

i j 

where c's are molar fractions and fe's are the (neutron) scattering lengths of the 
components. (Note that for X-rays, a more complicated way has to be followed since 
the X-ray scattering power of atoms depends on the scattering vector; for simplicity, 
throughout this contribution, the formalism of neutron scattering will be applied.) 
Transform to the total structure factor 

S (0 - 1 = JrG (r) sin Qrdr (3) 

It is worthwhile remembering that in the RMC procedure, only transforms from 
r to Q space occur, which makes it easier to handle truncation errors, since the extent 
of the available r-range can be increased by using larger models. 

4. Calculate the difference between the experimental total structure factor A^(Q) 
and that calculated from the configuration A^f0 

^ (4) 

k tJ 

where the sum is over all the experimental points and a is the - estimated - ex- 
perimental error, which functions as a 'control parameter' for the simulation. (By 
prescribing how close a fit to experiental data is required, (t controls the ratio of the 
numbers of accepted/attempted moves). 

5. Move one atom at random. 

6. Check if all the atoms are within the prescribed tolerance values of the in- 
tramolecular distances (i.e., if the molecules are still held together) after the at- 
tempted move. Try another move if not. 

7. Calculate the new pair distribution function, and total structure factor, 

and the new difference between model and experiment, 

8. If the move is accepted and the new configuration becomes the old 

configumtipn. Ifx/„A > then the move is accepted with probability 

9. Repeat from step 5. 

In a ’normal' case (reliable data; meaningful input parameters), x^ will decrease 
until it reaches its minimum value, which minimum is linked to the given value of o. 
After reaching its minimum (the state 'structural equilibrium'), p will oscillate so 
that the ratio of the numbers of accepted/attempted moves will not decrease. If it 
does (and the run eventually would 'freeze in') then it is an indication that the struc- 
ture formed is not the kind of 'global' minimum the algorithm is seeking. For a dem- 
onstration of what an acceptable agreement between experimental and model struc- 
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ture factors is, in Figure 2, the structure factor from an RMC model of liquid D 2 O is 
compared to the experimental data of Ref [11]. 

Over the years, RMC modelling helped us to understand a number of issues con- 
cerning structural disorder in general. Some of them are really obvious - so obvious 
that many times, we would be inclined to overlook them. It would be impossible to 
provide hill background to every one of them here, so let us just list some of these 
points, with - at least - references to more detailed descriptions. 




Figure 2. Total neutron structure factors for D 2 O. Solid line: experimental result from Ref 

[11]; dotted line: RMC-fit. 

(i) There is always more than one structural model that would fit a given (set of) 
data - and this has nothing to do with RMC! RMC has just happened to be the tech- 
nique which started to produce different models for a given data (see e.g. Refs. 
[20,21]), but it has to be recognised that it is the diffraction data that allow for diver- 
sity of models. Therefore, one must explore, as fully as (technically) possible, the 
’configuration space' available for models connected to a (set of) measurement(s). 

(ii) In practice, there is always more than one (set of partial) pair correlation 
function(s) corresponding to a given (set of) tsfs. This fact, demonstrated, for in- 
stance, in Refs. [3,22,23], is even less appreciated than the one under (i). There is no 
magic about it: this is just the consequence of the fact that there is no ’perfect data’: 
your data will never span an infinite scattering vector range (which would be neces- 
sary for a perfect Fourier-transform) and your data will never be error-free, either 
(which would be a pre-requisite for a unique separation of the partials). That is, one 
has to consider more than one solution in terms of the pair correlation functions, as 
well. 

(iii) One way of attempting to meet the above requirements is the introduction of 
geometrical (i.e., ones that can be formulated on the basis of the particle coordi- 
nates) constraints. These constraints can, for instance, represent specific ideas about 
the microscopic structure of the material in question; in this way, one will be able to 
tell if a given idea is consistent with existing measurements or not. That is, RMC 
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can help us to select ideas/models which are (or are not) acceptable, on a very strict 
basis. 

(iv) Modelling the structure factor with RMC will help to spot if there are prob- 
lems (systematic errors) with that tsf ~ a clear demonstration of this feature can be 
seen in Figure [1] (see also in Ref [23]). Experience shows that if sensibly executed 
Reverse Monte Carlo runs do not lead to a satisfactory agreement with tsf s then it is 
quite likely that it is the experimental structure factor that should be reconsidered 
(re-analysed; a little more theoretical approach to this problem can be found in Ref 
[24]). 

(v) As (at least, partly) a consequence of (ii), it should always be the total struc- 
ture factor and not Ae (partial) pair correlation function(s) that are applied as input 
data for RMC. First of all, tsfs constitute the primary experimental information 
whereas pcf s (derived via the traditional way, Section 2) will always contain errors 
related to the the direct Fourier transform from reciprocal to real space. Addition- 
ally, a given (set of partial) pcf('s) has to be considered only as one (out of the many 
possible) interpretation of the tsf(’s). Thus, modelling only one (set of partial) pcf(’s) 
will certainly be insufficient for a proper coverage of possible structures that are 
consistent with the experimental data in question. 

Further issues, that are connected with modelling molecular liquids specifically, 
are discussed (and numbered) in the following Sections. 



5. DETERMINING PARTIAL PAIR CORRELATIONS FROM A 
SINGLE MEASUREMENT: CARBON-TETRACHLORIDE 

Carbon-tetrachloride, CCI4 has been one of the most extensively studied molecu- 
lar liquids, for its highly symmetric, tetrahedral molecular structure which is the 
protot^e for many other systems (for references and more detailed description, see 
Refs. [16,18]). In Figure 3, the structure factor for the material is shown, as meas- 
ured at two neutron wavelengths on the PSD diffractometer [25] at the Budapest 
Reserch Reactor (Hungary). Both results can be modelled easily by RMC and they 
provide equal structural characteristics [26]. 

The main challenge about the microscopic structure of this (and also, many 
other) liquid is the nature of the orientational correlations, the kind of mutual orien- 
tations of neighbour molecules. This question has been resectly been discussed in 
detail [18]; in short, it was found that the 'comer-to-face' type docking ('Apollo- 
model' [8]) of CCI4 neighbours, that had been considered at face value for at least 
three decades, cannot be the dominant in carbon-tetrachloride. (The dominance of 
Apollo-connections could be excluded by putting Apollo-pairs in the RMC models 
directly; as a result, the goodness of fit has deteriorated noticeably [18].) Instead, a 
(admittedly, much less plausible - but at least, possibly correct) 'comer-to-corner' 
connection is suggested. Here, these particulars are not discussed further; instead, a 
couple of more general points are to be made. 
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Figure 3. Total neutron structure factors for liquid CC14. Solid line: X=0.66 A; dotted line: 

X=l.06 A. 

(vi) In quite a few cases, partial pair correlation functions can be determined 
with high accuracy from only one experiment, by means of RMC modelling. For this 
to be done, molecules have to have a centre which is surrounded by a shell of its 
ligands; in CCI4, the centre is the carbon atom which is buried in the shell of the four 
chlorines. The molecular geometry has to be known well and it should not be too 
floppy. Furthermore, it is a great advantage if the shell-forming atoms scatter the 
most. If all these requirements are met then the ligand-ligand pair correlations will 
dominate the diffraction signal. Since the position of the ligands determine the posi- 
tion of the central atom, from a 3D structural model that is consistent with the (sin- 
gle) experimental structure factor, all the three partials can be calculated. This is 
how for carbon-tetrachloride, the three partial pcf s (and structure factors) could be 
determined by RMC modelling the first time [16]. 

(vii) In quite a few cases, relatively short structure factors, measured up to 
about 10 A, will be sufficient for a satisfactory description of the structure. This 
statement can be checked by RMC modelling, for instance, the two structure factors 
of Figure 3 independently and then comparing (partial) pair correlation functions 
and other characteristics, like bond angle distributions, for the two models. In Figure 
4 the comparison of the partial Cl-Cl pair correlation functions is shown. Differences 
are minute, although the g-range was nearly twice as wide for the short wavelength 
measurement - which indicates that if proper methods are applied then even features 
that are thought to be hidden at higher scattering vector values can be retrieved with 
excellent accuracy. (If cosine distributions of Cl-C-Cl bong angles are compared 
then differences become invisible, see Ref [18].) 

The above simple demonstration is, obviously, insufficient for making general- 
ised statements - although it does indicate that not even for molecular liquids is al- 
ways mandatory to measure the structure factor over very wide ^-ranges. Addition- 
ally, we note that for many other types of (model) systems, much more detailed in- 
vestigations have been carried out - with essentially the same results. For amorphous 
Si, the necessary upper 0- value was found to be 6 k'\ for liquid Ga, about 4 A'* and 
for an amorphous Ni-Nb alloy, about 8 A’' [28]. However impressive these findings 
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are, it has to be remembered that for (at least) each type of system, such calculations 
have to be performed. There are entire classes of materials, with (at least two) 
slightly different characteristic distances (bond lengths) where the statement of point 
(vii) will clearly not hold. 




Figure 4. Cl-Cl partial pair correlation functions for liquid CC14, calculated from RMC mod- 
els. Solid line: >.=0.66 A; dotted line: X=1.06 A. 



6. DETERMINATION OF THE INTRAMOLECULAR STRUC- 
TURE: LIQUID TUNGSTEN-HEXACHLORIDE 

Having understood (thought-to-be) well known systems, it is logical to move 
towards the totally unknown. In this spirit, we have carried out neutron diffraction 
measurements on liquid tungsten-hexachloride, WCl^. WCU is a solid at room tem- 
perature, melting at 557 K and even that was unknown if it became a molten salt 
(with free ions) or a molecular liquid. For this reason, the subtraction of the intra- 
molecular part was not just unnecessary but also, impossible this time. The meas- 
ured structure factor, together with RMC modelling results, is shown in Figure 5 
(the measurement was carried out at the Studsvik Neutron Research Laboratory, in 
Sweden [29]). 

In order to find out about the species in the liquid, several RMC calculations 
with different constraints have been performed. As it is obvious from Figure 5, 
flexible molecules (held together by file’s) can be used without difficulties. What is 
even more interesting is that if do a hard sphere Monte Carlo (HSMC) calculation 
using the same species (flexible molecules, with the same file - but no data to fit!) as 
in the RMC then the molecular geometries for the two models differ enormously. 
This is demonstrated in Figure 6, by comparing the cosine distribution for Cl-W-Cl 
bond angles. The HSMC geometry seems more or less random, within the (quite 
strong) steric limitations imposed by the file’s. In contrast, the RMC geometry, 
brought about by the experimental data, shows up as a very well defined octahedron, 
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with Cl-W-Cl bond angles found only at 90 and 180®. This is a remarkable result, 
also found for liquid SbCls [29] (with different actual values). 

From other structural characteristics calculated from the particle coordinates, it 
appeared that the intermolecular correlations are much weaker than found in carbon- 
tetrachloride. Looking now at the structure factors (Figure 5), it is clear that the in- 
tensity of the first ('sharp diffraction') peak (or ’pre’-peak) must depend on the in- 
^ramolecular structure, as well. Without pressing this point any further, we note that 
this finding is in sharp contrast with the conventional ('textbook') wisdom that first 
sharp diffraction peaks are chracteristic to intermediate range order exclusively. 




Q (A ') 



Figure 5. Total structure factors for liquid WCU, calculated from RMC models. Markers: 
experiment [29]; solid line: RMC fit, using flexible molecules (fhc); dotted line: hard sphere 
Monte Carlo with flexible molecules (same molecules as in RMC; see text). 

Now it is possible to formulate a few more points concerning structural studies 
of molecular liquids by RMC: 

(viii) In some cases, the relatively short structure factor allows us to determine 
details of the intramolecular structure. This is a clear indication for that the subtrac- 
tion of the intramolecular contribution is unnecessary. 

(ix) It has proved very helpful (also, for liquid CCI4 [16]) to set up a 'reference 
system' for molecular liquids, by imposing the same molecular structure on hard 
sphere Monte Carlo calculations as on RMC. The HSMC runs will then produce 
particle configurations that reflect the effects of all constraints (density, cut-offs, 
molecular structure). Comparing corresponding RMC and HSMC structures allow 
us to separate features that can be ascribed to the experimental structure factor (that 
is, the physical nature of the system under study). 
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Figure 6. Cosine distributions of Cl-W-Cl bond angles for liquid WC16. Solid line: RMC; 
dotted line: hard sphere Monte Carlo. 



7. SUMMARY 

Starting from the experimental structure factor, an alternative way has been de- 
vised for revealing details of the microscopic structure of molecular liquids. A num- 
ber of features, most of them making the RMC-assisted route superior than the tradi- 
tional one, have been described. As very final conclusion, let us remind the reader of 
two things: 

(1) It is worth performing Reverse Monte Carlo modelling even if you do not 
want to use the resulting particle configurations for anything (c.f. Section 2). 

(2) If you do wish to use the models, however, then producing one model is not 
sufficient - by the application of (geometrical) constraints, the range of structures 
that are consistent with the experiment has to be explored. 
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1. INTRODUCTION 

The confinement of liquids in the restricted space of a mesoporous solid leads to 
significant changes in their properties. The main effect is a reduction in the nuclea- 
tion temperature that, according to the Gibbs-Thomson formalism is inversely pro- 
portional to the pore size. Other effects on the liquid structure and transport proper- 
ties also occur and depend on the detailed characteristics of the mesoporous mate- 
rial. Confined liquids occur in various situations, both in the natural environment 
and also in industrial processes, so that there is a growing interest in understanding 
the fundamental principles that govern the behaviour and modified characteristics. 

For scientific study it is important to have a well-characterised system in which 
the solid matrix has a large pore volume, controlled narrow pore size distribution 
function and high surface area. The most convenient material for this purpose is 
silica and there is a wide range of pore sizes available that can be produced by the 
sol-gel process. More recently, other forms of mesoporous silica such as MCM and 
SBA-types have been fabricated with an ordered arrangement of cylindrically- 
shaped pores made by a template process. The internal silica surface is normally 
smooth and hydrophilic so that surface wetting is not usually a problem and the wa- 
ter is easily adsorbed into the pore volume. In contrast, the activated carbons, which 
are also extremely important in industrial use, have a much more complex pore and 
surface structure which makes a detailed interpretation of the experimental meas- 
urements more difficult. Consequently, the main interest has focused on silicas as 
the ideal substrate and the initial investigation of liquids in confined geometry has 
been centred on these materials. 
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2 . THEORETICAL BACKGROUND 

The formalism for neutron scattering by molecular liquids has been presented 
elsewhere [1,2] and only a brief summary will be given here. The measured diffrac- 
tion pattern can be converted into a molecular structure factor, Sm (Q), which may 
be divided into intra- and inter-molecular contributions, i.e. 

SM(Q)=fl(Q)+DM(Q) (2.1) 

where fi(Q) is the molecular form factor and Dm(Q) defines the spatial relation- 
ship between the molecules. The real-space distribution function dtCr) can be ob- 
tained from the Fourier-Bessel transform:- 

dL(r) = 47rrpM[g,‘(r)-l] = — f QDm(Q) sin Qr dQ (2.2) 

where Pm is the molecular number density and g," (r) is a composite pair correla- 
tion function, which for D 2 O is :- 

g,- (r) = 0.092 goo(r) + 0. 423 gooCr) + 0.485 gDo(r) (2.3) 

The measurement for liquids confined in the voids of a solid porous substrate re- 
quires the subtraction of the substrate scattering from the total scattering by the 'liq- 
uid + substrate'. This method needs careful adjustment of the relative intensities to 
allow for the variable attenuation factors. The direct analysis also assumes that the 
interference contributions resulting from the liquid-substrate cross-term are negligi- 
ble and this factor depends on the pore size, which influences the relative contribu- 
tions. This approximation is satisfactory for pore sizes of >50 A but is inadequate at 
lower values. The dispersed nature of the liquid also leads to an effective broaden- 
ing of the diffraction profile if the pore dimensions are small. This phenomenon is 
similar to that occurring in the diffraction broadening of Bragg peaks for small crys- 
tallite sizes and is a result of the limitations in the volume integral which leads to an 
effective convolution of the full pattern with a function M(Q), that is dependent on 
the pore size distribution [3]. In the case of liquids, the overall shape of the diffrac- 
tion pattern does not have sharp features and the diffraction broadening effect is 
significant only for small pores (<20A). 

Another method of analysis is to use a first-order difference function to analyse 
the structural changes with temperature. This technique has a number of advantages, 
particularly for studies in confined geometry, since it eliminates the substrate and 
intra-molecular scattering in a systematic manner. The temperature difference func- 
tion is defined by 

ADm (Q, AT) = Sm (Q,T) - Sm (Q,To) (2.4) 

in relation to a chosen reference temperature. To with AT = |T-To| and the corre- 
sponding transform yields the real-space function 

AdL (r, AT) = - r Q ADm (Q, AT) sin Qr dQ, (2.5) 

7T ^ 

which defines the structural re-arrangement. The low r- value behaviour of dL(r), 
where g(r) is zero, gives the microscopic density through the relation 

dt(r) = - (471 Pm) r 



(2.6a) 




and the corresponding expression for AdiJ(r) is 
AdL(r) = - (4u Apm) r, 

which depends on the change in density, ApM (AT). 
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(2.6b) 



3. REVIEW OF EARLIER RESULTS 

a) Super-cooled water in sol-gel silicas 

The first neutron diffraction studies of water in a series of commercial sol-gel 
silicas [3,4] were reported in the early 1980’s and were followed by further studies 
covering different pore sizes which have been reviewed comprehensively [5] for 
work done up to 2000. Normally, super-cooled water would be metastable at these 
temperatures but the effect of the confinement means that the liquid phase is in an 
equilibrium state and forms readily under these conditions. The neutron results con- 
firmed the depression of nucleation point, which had been observed by other tech- 
niques, and provided information on the changing structure of the water network. 
The main features are illustrated in Figs 1 and 2, which show the variation in the 
diffraction pattern for D 2 O water with temperature and the shift of the main diffrac- 
tion peak position as a fiinction of temperature, Qo(T), for several mesoporous sili- 
cas of varying pore size. The peak profile in Fig 1 changes systematically and indi- 
cates the development of a shoulder on the high-Q side as the temperature is re- 
duced. The variation of the peak position shown as a solid line in Fig 2a is mono- 
tonic across the whole temperature range but shows a systematic increase in slope 
below the point of maximum density, which is 1 TC for D 2 O. The trend is towards a 
value of 1 .7 A' ^ at a temperature of -40°C, which corresponds to the limiting case of 
homogeneous nucleation of D 2 O at ambient pressure [6]. The confinement of water 
in pores gives a displacement of the peak position which may be attributed to en- 
hanced hydrogen-bonding and is shown as single points for a range of silicas with 
different pores sizes. 

Most molecular liquids would have a very small change in the Qo value arising 
simply from density changes but water exhibits a much larger effect that can be 
linked to the extended formation of the hydrogen-bonded network. The studies of 
deeply super-cooled water in the bulk phase have demonstrated the enhancement of 
the intermediate-range correlations as the temperature is reduced, as shown in Fig 
2b. The picture to emerge from these studies is of an evolution towards the ex- 
tended continuous random network of tetrahedral hydrogen-bonds that characterises 
the structure of low-density amorphous ice [7]. The overall behaviour of the con- 
fined water is therefore similar to that of bulk water, except that the hydrogen- 
bonded network appears to be more developed relative to that of bulk water at the 
same temperature, as shown by the data in Fig 2. 

b) Water and ice in MCM silicas 

MCM silicas consist of two main types with cylindrical pores of 30-35 A diame- 
ter; MCM41 is based on straight parallel channels arranged in an approximately 
hexagonal lattice, whereas MCM48 is formed from a cubic liquid crystal phase 
which has branched channels of a similar diameter. Neutron diffraction measure- 
ments of D 2 O water in both of these materials have been made and show that deep 
super-cooling occurs in which the liquid phase may exist at 45°C below the normal 
freezing point [5°C for D 2 O]. The diffraction pattern undergoes a systematic change 
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as the temperature is lowered, as shown in Fig 3a. The temperature difference func- 
tion, AD^ (C^ AT) , can be evaluated from these datasets and transformed to give 
the Ad^ 0*5 function shown in Fig 3b. 




Figure 1. The change in the diffraction pattern for D 2 O with temperature. 





Figure 2. Super-cooled water a) variation of Qo(T)for bulk and confined water in various sol- 
gel silicas, b) change of di(r), with temperature [-10 °C, -3TC] and amorphous ice. 

It is clear that these results are similar to those seen in the bulk phase behaviour 
but extend to much lower temperatures and show the continued displacement of the 
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peak Qo(T) towards the position for hexagonal ice; the profile also sharpens due to 
the presence of longer-range correlations. The spatial distribution function also 
shows an increase in the correlations over the intermediate range (5 A < r < 15 A) 
corresponding to a growth of the hydrogen-bond network, as expected. Another 
unexpected finding was that the transition was completely reversible and showed no 
evidence of the hysteresis effects that usually occur for nucleation and melting in 
confined geometry; this feature is discussed fiuther in Sec 3e.. 

The reasons for the formation of the defective cubic ice are still not understood 
but it seems to be reproduced in all studies involving the formation of small ice crys- 
tallites that are restricted in growth. 

c) Over-filled samples of water and ice in MCM silicas 

The neutron investigation is sensitive to the total amount of water in the sample 
so that excess water above the amount needed to fill the pore volume will reside on 
the outer surfaces of the particles or grains. On cooling, this external water will 
freeze before that inside the pores and, as shown in Fig 3a for an over-filled MCM48 
sample, there is some super-cooling before nucleation to hexagonal ice at 249K, 
which is indicated by the triplet profile of the first diffraction peak. If the tempera- 
ture is further reduced, the pore water freezes as cubic ice and the central peak of the 
triplet grows. However, the peak on the low-Q side also increases in intensity show- 
ing that the defective form of cubic ice is again created, so there is no growth of the 
external ice with hexagonal form into the pore volume. Another feature shown in 
these curves is that even after nucleation, the diffraction pattern changes slightly as 
the temperature is further reduced to 206K, indicating that there are further structural 
changes after the main nucleation event has occurred. The additional Bragg peaks at 
higher Q-values also mimic these changes as shown in the difference functions. 
Similar results are shown for MCM41 measurements with an over-filled water sam- 
ple. 

A more detailed picture can be obtained by transforming the ADm (Q, AT) func- 
tion with a reference temperature of To =236K, to give a representation of the 
changes in real space after the hexagonal ice has formed and relative to the deeply 
super-cooled liquid at ~45K below its normal bulk freezing point. Fig.4a shows 
three sets of diffraction data for over-filled MCM48 silicas at temperatures of 226, 
216 and 206K; the corresponding Adt (r, AT) curves are shown in Fig 4b. The ab- 
sence of a peak at 1 .0 A indicates that the molecular terms of the fi(Q) form-factor 
have been accurately eliminated in the difference function analysis. The presence of 
sharp peaks at 1.8 and 2.1 A arises from local hydrogen-bonds in the ice lattice and 
suggests that there is a sharpening of the spatial correlations as the cubic ice forms. 
This feature presumably means that the H-bond angle variation becomes more re- 
stricted and consequently affects the longer-range correlations, which show a similar 
behaviour out to 20A. It therefore becomes clear that the deeply super-cooled water 
has considerable disorder relative to the defective form of cubic ice. Furthermore, 
there are additional changes in the 20K region below the main nucleation event, as 
observed previously but less clearly in earlier studies. The development of deep 
minima at 6.5, 10.3 and 14A is also a characteristic feature of the d(r) function for 
amorphous ice and seems to be a signature of long-range order in H-bonded net- 
works. However, there are also interesting features in the shape of the curves in the 
4-IOA region that have not yet been fully interpreted. 
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Figure 4. Neutron diffraction of D 2 O in an overfilled sample of MCM48 silica taken on the 
D20 diffractometer: a) scattering intensity from water/ice as a function of temperature, b) the 
structural change, (r, AT), for the same datasets with a reference ten^erature of 
236K. 

d) Ice nucleation in various sol-gel silicas 

A neutron diffraction study was made of nucleation in a range of sol-gel silicas 
of different sizes [8] where the effective water thickness was maintained at ap- 
proximately 20A by partial filling of the larger pore materials. The comparison of 
the primary ice peaks is shown in Fig 5. For the large pore size, the triplet that char- 
acterises hexagonal ice Ic is clearly shown. However, the peak profiles for the ice 
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formed in the materials of lower pore size show an asymmetric broadening of the 
peaks which is characteristic of facetted growth along preferred axes [9]. Cubic ice 
Ic would display only a single peak at the central position, so it appears that there is a 
tendency towards a cubic ice structure, which is also revealed in the secondary 
peaks. However, pure cubic ice is not created in the pores and the structure must 
therefore be classified as ‘defective cubic ice’. It has been suggested that this fea- 
ture could arise from stacking faults as the basic six-membered rings are present in 
both forms of ice I but no quantitative treatment has been possible that provides an 
explanation of the observed peak profiles. In this, context it will be interesting to 
relate the findings to the simulation studies of nucleation in bulk phase water pre- 
sented at this meeting; see also Sec 5. 

e) Ice nucleation in MCM silicas 

An unexpected finding in the study of ice nucleation and melting for water in 
MCM silicas was that the phase transition was completely reversible and showed no 
evidence of hysteresis effects that usually occur for nucleation and melting in con- 
fined geometry. The situation is well illustrated in Fig 6. which shows two superim- 
posed plots of the measured intensity at the same stabilised temperature, just prior to 
nucleation in a cooling run and just after melting in a heating run. The difference 
ftmction (multiplied by a factor of 10 for clarity) is shown beneath the two plots and 
indicates that the two curves are identical to within the statistical accuracy of the 
measurements. These results are now known to be in agreement with the compre- 
hensive DSC studies of Findenegg and colleagues [10] but are not necessarily repro- 
duced for larger pore sizes in the ordered mesoporous silicas of MCM or SBA-type. 
The nucleation event is itself of considerable interest and is discussed in the follow- 
ing section. 




Figure 5. The first diffraction peak for ice nucleation in sol-gel silicas with different pore 
size; see the text for details. 
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Figure 6. Two superimposed datasets for cooling and heating runs at a temperature of 23 6K 
taken with the two multidetectors on the D4 diffractometer, showing the complete reversibil- 
ity of the transition after the nucleation of cubic ice; the difference between the two datasets is 
shown below multiplied by a factor of xlO. 

f) The cubic ice phase 

The cubic ice phase has a similar local structure to that of hexagonal ice, consist- 
ing of six-membered rings of hydrogen-bonded molecules. The structure factor has 
a single peak at 1.70 A'\ which is at the central peak position for the hexagonal ice 
triplet. Hgh resolution studies of nucleation in several sol-gel silicas have revealed 
important changes in the peak profile. The hexagonal ice triplet has Bragg peaks at 
Q-values of 1.55, 1.70 and 1.85A‘^ corresponding to (1,0,0), (0,0,2) and (1,0,1) re- 
flections. The results indicate that a defective form of cubic ice is formed in the 
smaller pores. There is also a secondary peak at 2.33 A'^ that is present for ice Ic 
and not for ice Ih so that the two phases are easily distinguished, in principle. How- 
ever, all the diffraction observations give a broadened first peak with a shoulder on 
the low-Q side, or even a separated peak, if the Q-resolution is sufficient (Fig.5). It 
therefore seems that pure cubic ice is never formed even though there are several 
different routes to its production from either the liquid or the amorphous ice phase 
and also when produced by slow vapour-deposition at temperatures just above 
145K. The reasons for this behaviour are still not understood but it seems to be re- 
produced in all studies involving the formation of small ice crystallites that are re- 
stricted in growth. 

The most likely explanation of this phenomenon rests with the initial formation 
of a small hydrogen-bonded assembly that will act as a nucleus for crystal growth. 
When the proto-crystallite is small the crystal axes will not be well defined and the 
subsequent initial growth will contain a number of stacking faults. As subsequent 
layers are added during the growth process, it seems that these defects become ‘fro- 
zen in’ but when the crystallite has grown to a certain size, the change in surface-to- 
volume factor causes a modification in molecular orientations and the crystal readily 
grows into the hexagonal form. Furthermore, it is well known that, for hexagonal 
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ice, the growth in the basal plane is much faster than that in the perpendicular direc- 
tion and this effect could possibly be a key to understanding the preference for the 
hexagonal form in larger crystals. Since defective cubic ice is observed for pore 
sizes up to 200A but pure hexagonal ice is observe even for thin films in 500A 
pores, there must be a critical size effect in the region of 300A corresponding to a 
change in the growth process. In the case of the MCM silicas the situation is more 
complex as the cylinAical pore restricts growth in two directions but also permits 
growth along the pore axis. Current experimental work has been conducted for pow- 
dered samples so that the observed diffraction profile is an orientationally-averaged 
pattern. Since there appears to be little difference in the nucleation behaviour for 
MCM41 with straight pores and MCM48 with branched pores, it would seem likely 
that the constrained crystallites do not have a strongly-correlated orientation with 
respect to the pore axis. However, this conjecture cannot be checked at present be- 
cause there are no ways of producing a silica monolith with well-defined pore size 
and axial orientation. 

Another uncertainty concerns the density variation for the confined water/ice. It 
is assumed that the density of cubic ice is the same as that of hexagonal ice, which is 
8% less than that of water at ambient temperatures but there is no easy means of 
determining the real variation in the density of the super-cooled water in the 
mesopores. It is convenient to assume that the changes correspond to situation for 
bulk water with a continuing decrease of the density towards that of ice I as the tem- 
perature is reduced towards the limiting value of -40°C but no confirmation of this 
behaviour has yet been made. It may be possible to check this feature by tempera- 
ture-dependent SANS measurements but this experiment is difficult due to the pos- 
sibility of systematic errors and has not yet been attempted. 

4. RECENT STUDIES 

A fiirther series of measurements has been made using a continuous temperature 
variation rather than a set of measurements at stabilised temperatures. Since the Q- 
range for simificant changes in the (Q, AT) term are restricted to Q-values 
below ^10 A it is also more convenient to use a diffractometer with a wavelength 
in the region of 1.3 A and a high neutron flux. This approach is conveniently 
achieved by using the rebuilt D20 diffractometer at ILL [11], which is fitted with a 
140^ position-sensitive detector. The sample was contained in a 5 mm diameter 
vanadium cell, and the temperature was controlled using a ramp with a speed of ei- 
ther 1 or 2K/min. Measurements of the whole diffraction pattern up to a Q-value of 
6.5 A ‘, were made with a typical readout every two minutes. The advantage of this 
technique is that the datasets are continuously recorded and no time is wasted on 
temperature stabilisation but there is a minor disadvantage due to the temperature 
gradient that exists in the sample material throughout the run. Since the changes are 
systematic with temperature, even near the phase transition points, the 
ADj^ (Q, AT) fimction is well described but the actual mean temperature of the 
sample is less well defined. A fiirther advantage is that the whole of the diffraction 
pattern is measured simultaneously so that any change in the relative intensities of 
ice peaks near a phase transition can be readily observed. Two examples of the new 
measurements are presented below but there is fiirther analysis to be made on these 
and other datasets. 
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a) Deeply super-cooled water in MCM silicas 

The results fbr D 2 O in MCM41 silica are shown in the form of stacked 
AD^ (Q, AT) plots in Fig 7 for a cooling run to 220K with a reference tempera- 
ture of 292K. Several adjacent runs have been added together to give improved sta- 
tistics. The curves have a constant profile and increase in intensity as the tempera- 
ture is reduced, confirming the results obtained in the earlier studies. It is also pos- 
sible to display the data as a contour plot, as given in a preliminary presentation of 
the measurements at a earlier conference [12]. The full analysis of the data in real- 
space should improve the accuracy of the previous study and give a more detailed 
understanding of the way in which the hydrogen-bonded network builds up in this 
region of deep super-cooling. It should provide a very stringent test of current mod- 
els of liquid water based on various types of interaction potential as the spatial corre- 
lations appear to be very sensitive to the temperature and also extend over a wider r- 
range than is normally considered in computer simulation studies. It seems probable 
that a full quantum calculation will be required rather than the use of empirical po- 
tentials and some possible approaches have already been displayed in other papers 
presented at this meeting [13]. 

D20 : MCM : Difference w.r.t. 292 
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Figure 7. The difference function ADm (Q, AT) for D 2 O water in MCM41 silica taken on the 
D20 diffractometer as a function of temperature in continuous read-out mode. 

b) Ice melting in larger-pore sol-gel silicas 

Measurements were also made for a sol-gel silica with a 500 A pore size. In this 
case, hexagonal ice is formed in the pores even for a partial filling factor of only 
O.IO. The good resolution of the D20 instrument and the reduced diffraction broad- 
ening effect in the larger pores means that the individual ice triplet is well observed 
and it is interesting to study the way the profile changes as the temperature ap- 
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proaches the melting temperature on a heating cycle. The results are shown as 
stacked intensity plots in Fig 8 A close examination of the relative intensities indi- 
cates that the central peak reduces more rapidly than the other two peaks as the tran- 
sition temperature is approached, indicating some pre-melting effects within 3-5K of 
the phase change. This effect was not expected but presumably indicates that the 
breakdown of the ordered hydrogen-bond structure of the crystal proceeds by in- 
creased vibrational or librational motion with specific characteristics. This phe- 
nomenon would be impossible to study in the bulk phase due to the rapid annealing 
of crystallites and the growth of single domains. It is only because the individual 
crystallites are isolated within the pore matrix that this behaviour can be identified. 
Clearly, it will be interesting to make a more detailed investigation using a slower 
heating rate or for set temperatures as the phenomenon is probably influenced by 
both time- and temperature-dependent effects. 



D20 : 500 A SiO Difference w.r.t. 286 
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Figure 8. The diffraction pattern for the melting of D 2 O ice in a 500A silica with a filling 
factor of f=0. 1 as a function of time and temperature; see the text for details 



5. CONCLUSIONS AND FUTURE WORK 

The previous sections have shown that confined water can exist in the liquid 
state, at temperatures about 45K below the normal freezing point of the bulk liquid. 
The structure of the deeply super-cooled liquid follows the trends already observed 
for the temperature variation of the bulk phase, in which there is a continuous evolu- 
tion towards the open network structure of low-density amorphous ice. Eventually 
the system undergoes a phase transition to give a solid phase but the crystalline form 
is strongly dependent on the geometrical constraints. For small pores, a defective 
form of cubic ice is created and there is a complete reversibility across the transition. 
In the larger pores, hexagonal ice is formed even if the liquid film is quite thin and 
hysteresis effects are observed. 
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The picture that emerges from the new datasets [Figs 3a and 3b.] confirms ear- 
lier conjectures that the onset of nucleation involves a local fluctuation giving rise to 
an ice-like nucleus based on tetrahedrally-bonded rings, comprising six molecules. 
This proto-nucleus is only partially ordered and does not adopt a specific stacking 
pattern that relates directly to either hexagonal or cubic ice. TTie diffraction pattern 
is substantially broadened in the narrow pores of the MCM silicas but probably 
mimics the pattern seen in the earlier data for the sol-gel silicas with <100A pore 
size. The profile shown in Fig 8 has not yet been fully explained but presumably 
arises from crystallites with a high proportion of correlated stacking faults. There is 
no physical explanation of why this particular form should be the stable (or metasta- 
ble) state under these conditions but obviously there is a nucleation and growth 
process that stabilises the crystallites with a finite size determined by the morphol- 
ogy of the silica matrix. 

For increased pore sizes, the crystallites can grow larger and it would seem that 
when a critical size has been reached the subsequent growth is essentially of hex- 
agonal form. The present data suggest that ice formed under normal ambient condi- 
tions begins as a defective cubic ice nucleus. This observation is in qualitative 
agreement with the two-phase process seen in the MD computations of Ohmine and 
colleagues for nucleation of bulk water and also presented at this meeting [14] but a 
detailed analysis of the developing network structures will need to be compared with 
the experimental results. Another experimental technique, reported at this meeting 

[15] uses Mie scattering of laser light to study nucleation in a levitated droplet of 
30p diameter. 

The importance of water/ice in various environments with varying pore mor- 
phology and different substrate materials will ensure a continuation of this fascinat- 
ing subject. Plans have already been made to investigate the behaviour of water/ice 
in the SBA silicas, which cover an interesting range of 60-lOOA in pore diameter; 
this range is comparable with many situations involving water channels in bio- 
membrane systems. Modification of the silica interface can also be made through 
the grafting of radicals onto the pore walls but it will probably be necessary to check 
that a high coverage factor is achieved to ensure that unambiguous data are obtained. 
Another exciting possibility is to investigate the behaviour of water/ice in the very 
small diameter [5-10 A] pores of carbon nanotubes. Water readily enters into open- 
ended nanotubes and the vapour-adsorption measurements of Kaneko and colleagues 

[16] on carbon nanohoms provide the necessary control conditions for conducting 
this difficult experiment [17]. The diffraction broadening effects will be large and 
there will be a major contribution from the carbon-water cross terms, so simulation 
studies will probably be needed to interpret the observations. A new form of ice has 
already been predicted by Koga et al [18] for the low-temperature solid phase in 
carbon nanotubes, using MD simulation techniques. 

In summary, a clear and consistent qualitative picture of the liquid phase is be- 
ginning to emerge from these neutron studies. The temperature difference function 
is consistent for all the systems studied so far and corresponds to enhanced long- 
range correlations of the hydrogen-bond network as the temperature is reduced. On 
nucleation, a defective proto-crystallite is formed with a predominantly cubic ice 
structure but as the crystal size increases, the hydrogen bond network adopts the 
familiar pattern of hexagonal ice. Althou^ the experimental findings seem incon- 
trovertible, there is still uncertainty about the basic origin of these features and the 
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understanding of water/ice characteristics still presents us with a substantial scien- 
tific challenge. 

The use of the small pore diameters of the MCM silicas enables the liquid to be 
routinely cooled to much lower temperatures than previously attained and therefore 
gives a unique possibility of studying deeply ‘super-cooled’ water and cubic ice in a 
stable environment. The use of mesoporous solids therefore provides a convenient 
‘laboratory’ for conducting experimental investigations in conditions that would 
normally be regarded as highly metastable. The techniques developed here for wa- 
ter/ice are, of course, capable of use for any other molecular liquid and have already 
been applied to cyclohexane [19]. 



REFERENCES 

1. J.G.Powles, Advances in Physics 22, 1 (1973) 

2. LP.Gibson and J.C.Dore, Mol Phys. 48 1019 (1983) 

3. D.C.Steytler, J.C.Dore and C.J.Wright, Mol Phys 48 1031 (1983) 

4. D.C.Steytler, J.C.Dore and C.J.Wright, Mol Phys 56 1001 (1985) 

5. J.C.Dore, Chem Phys 258 327 (2000) 

6. M.C.Bellissent-Funel et al, Europhys Letts 2 241 

7. D.Blakey, PhD Thesis, University of Kent (1994) and M.R.Choudhury, J.C.Dore 
and J.T. Wenzel, J.Non.Cryst Solids 53 247 (1982) 

8. J.M.Baker, J.C.Dore and P.Behrens, J.Phys.Chem BlOl 6226 (1997) 

9. The theoretical formalism was originally described in the interpretation of diffrac- 
tion data for carbon blacks and is often referred to as ‘the Warren profile’; 
B.E. Warren Phys. Rev. 59 693 (1941). 

10. The application to the cubic ice profiles is discussed in J.M.Baker, PhD 

11. G.Findenegg, private communication and Phys. Chem. Chem Phys., 3, 1185-1195 

( 2001 ). 

12. The new D20 diffractometer is described in the instrument section of the ILL web- 
site; www.ill.fr 

13. J.Dore, B. Webber, M.Hartl, P.Behrens and T.Hansen, Physica A3 14 501 (2002) 

14. S.S.Xantheas, this volume 

15. M.Matsumoto, S.Saito and I.Ohmine, Nature 416 409 (2002) and also I. Ohmine, 
this volume 

16. P.Stoeckel, J.Klein, I. Wei dinger, H.Baumgartel and T.Leisner, see also 
H.Baumgartel in this volume 

17. K.Kaneko, private communication and E.Bekyrova et al, Chem Phys Letts 366 463 

( 2002 ). 

18. An experimental study of water/ice in carbon nanohoms by neutron diffraction is 
feasible and has been proposed; J.C.Dore, A.Burian and K.Kaneko; currently under 
consideration (2002-03) 

19. KKoga, G.T.Gao,H. Tanaka and X.C.Zeng, Nature 412 802 (2001) 

20. H.Farman, J.C.Dore and J.B.W. Webber, J.Mol.Liq. 96 357 (2002) 




SOLVATION STRUCTURE OF CHLORIDE AND IODIDE 
IONS STUDIED BY MEANS OF EXAFS USING A COMPACT 
SYNCHROTRON RADIATION SOURCE 

K. OZUTSUMI and H. OHTAKI 

Department of Applied Chemistry, Faculty of Science and Engineering, Ritsumeikan 
University, 1-1-1 Noji-Higashi, Kusatsu 525S577, Japan 



Abstract: An EXAFS (extended X-ray absorption fine structure) beamline set in 

a compact synchrotron radiation (SR) source at the SR Center of Rit- 
sumeikan University consists of three windows, a slit, a double-crystal 
monochromator and two detectors. By using Si(220), Ge(220), and 
InSb(lll) monochromator crystals, the EXAFS spectrometer covers 
the K-edge absorption energies of elements from silicon to zinc. Struc- 
tural investigation of solvated ions with relatively low atomic numbers 
became possible under an atmospheric pressure. The EXAFS data of 
chloride and iodide ions in water, methanol and ethanol measured by 
the EXAFS equipment are reported. This is the first case to study the 
solvation structure of chloride ions by EXAFS. 



I. INTRODUCTION 

Ionic solvation is one of the most fundamental subjects of solution chemistry. 
Knowledge on solvation structure of ions such as ion-solvent bond length and solva- 
tion number is essential to elucidate static and dynamic properties of electrolyte so- 
lutions. Bond length between an ion and a solvating molecule is obtainable by the 
X-ray (XD) and neutron diffraction (ND) and extended X-ray absorption fine struc- 
ture (EXAFS) methods. On the other hand, solvation number can be determined by 
the diffraction (XD and ND) and various spectroscopic methods (EXAFS, nuclear 
magnetic resonance, Raman, etc.). Of these, the diffraction and EXAFS methods 
give solvation numbers of cations and anions independently without an extrather- 
modynamic assumption. 

A huge number of structural data on ionic hydration have been accumulated. 
The data are compiled in reviews recently published [1-3]. Determination of solva- 
tion structure of metal ions in nonaqueous solutions has been conducted in these 
decades by using mainly XD and EXAFS methods. The review [3] contains a large 
number of structural data in nonaqueous solutions. The feature of EXAFS is its high 
selectivity for atoms and high sensitivity. Hence, the EXAFS method is widely used 
for dilute systems to \^ich the XD and ND methods can hardly be applied. How- 
ever, structural information detected by EXAFS is usually limited to Ae first solva- 
tion sphere and the second solvation structure can hardly be discussed by this 
method. Nevertheless, the EXAFS technique is a powerful means for electrolytes in 
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aqueous and nonaqueous media, where solubility of electrolytes is usually more re- 
stricted in nonaqueous solvents than in aqueous solution. Synchrotron radiation 
(SR) X-rays are the most powerful source for EXAFS measurements. A compact 
superconducting SR source at Ritsumeikan University [4] supplies intense soft X- 
rays as shown in Fig. 1 and is very suitable for EXAFS investigations in soft X-ray 
regions. Although the photon flux from the ring steeply decreases above 5 keV, the 
X-ray intensity from the ring is much stronger than Aat from a conventional X-ray 
source. The distribution of X-ray intensities from the SR source is quite clean while 
white X-rays emitted from a conventional X-ray generator are usually contaminated 
by characteristic lines from a filament material. Thus, the SR ring is still a good 
source for elements with their absorption-edge energies above 5 keV. An EXAFS 
spectrometer attached to the compact SR source of Ritsumeikan University is 
equipped with Si(220) and Ge(220) crystals, and an InSb(l 1 1) crystal is newly in- 
troduced last year. Then, the EXAFS spectrometer makes it possible to measure K- 
edge EXAFS spectra of elements from silicon (atomic number 14) to zinc (30) under 
an atmospheric pressure. 

In contrast to a large number of investigations of cationic solvation structure in 
aqueous and nonaqueous solvents, structural studies of anions in solutions are much 
less. Since anionic solvation is usually weaker than cationic solvation and solvated 
solvent molecules are rapidly exchanged with those in the bulk, the NMR method 
provides a quite small values of solvation number in the first solvation shell of ani- 
ons (0 - 1) in spite of their large surface areas. When one applies the EXAFS 
method to structural studies on anionic solvation, weaker EXAFS oscillations than 
those by cations are usually obtained. Hence, high-precision EXAFS measurements 
are necessary for the determination of anionic solvation structure. Solvation struc- 
ture of bromide and iodide ions in various solvents has been investigated by the 
EXAFS method [5-7], while that of chloride ion has never been examined. Tliis is 
because the energy of the chlorine K-edge absorption is 2.82 keV. 




Figure 1. Spectrum of photons emitted from the compact SR source of Ritsumeikan Univer- 
sity. 

For example, soft X-rays with energies of 2 and 3 keV lose 99.9 and 88 % of 
their intensities, respectively, while passing through air with thickness of 10 cm. 
Thus, it has been commonly understood that EXAFS spectra in soft X-ray regions 
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should be measured in vacuum. Also, owing to strong absorption of soft X-rays by 
samples, it is thought that a transmission EXAFS method is difficult to be applied. 
However, since the measurement with a transmission mode is the most convenient 
for obtaining reliable EXAFS spectra, it should be very useful if an EXAFS meas- 
urement with a transmission mode under an atmospheric pressure could be estab- 
lished for studies on solvation structure of ions with low atomic numbers. In this 
report K-edge EXAFS spectra of chloride ions in solutions measured under an at- 
mospheric pressure are presented. This is the first case that EXAFS spectra of the 
chloride ion in solutions are reported. K-Edge EXAFS spectra of iodide ions in 
solutions have been obtained in various solvents [7]. However, measurements of 
iodine K-edge (33.163 keV) spectra are not very suitable by the EXAFS method, 
because in very high X-ray energy region changes in absorption coefficients above 
and below the edge are small and thus the amplitude of EXAFS oscillations be- 
comes weak as compared with those of chloride and bromide ions. Instead, iodine 
L-edges are in soft X-ray regions and a difference in absorption coefficients be- 
tween above and below the Lnr-edge is large. Therefore, EXAFS spectra of a good 
quality can be easily obtained when absorption spectra at the Lm-edge are measured. 
However, measurements of Lm-edge EXAFS spectra of iodide ions in solutions 
have never been examined so far. In the present report solvation structure of chlo- 
ride and iodide ions in water, methanol and ethanol studied by means of soft X-ray 
EXAFS is presented. 



2. EXAFS SPECTROMETER AT SR CENTER OF RITSUMEIKAN 
UNIVERSITY 

The outline of the EXAFS beamline employed is depicted in Fig. 2, which con- 
sists of three windows, a slit, a double-crystal monochromator and two detectors. 
Broad band radiation from the SR ring passes through the first Be window (a), 
which eliminates low energy lights and prevents monochromator crystals from heat- 
ing caused by irradiation. A desired size of the incident beam is adjustable by the 
slit (b). Then, monochromatic X-rays are obtained by a Ge(220), Si(220), or 
InS^l 1 1) double-crystal monochromator (c). This part of the beamline is under the 
environment of high vacuum (1 - 4 x 10"^ Pa). The monochromatic X-rays enter a 
low vacuum part (2-3 Pa) and the second Be window (d) separates the low and 
high vacuum regions. By using such an arrangement of a monochromator and win- 
dows, EXAFS measurements could be performed under an atmospheric pressure. 
The third window (e) separates the vacuum of the beamline from the atmosphere and 
a Be foil or a Capton film was used as a separator. The incident monochromatic X- 
ray intensity Iq and transmitted intensity I after passing through a sample (g) are si- 
multaneously measured by two ionization chambers with a path length of 4.5 and 3 1 
cm (f and h), respectively (S-1329A and S-1196B, OKEN, Fussa, Japan). 
He(100%), N2(100%), N2(85 %)+At(15%), N2(50%)+At( 50%), and Ar(100%) gases 
are used for the detection. Suitable gases for two ionization chambers could be se- 
lected based on the detection efficiency of the gases in the K-edge absorption en- 
ergy of an element to be measured. The output currents are amplified by two current 
amplifiers (428, Keithley, Cleveland, USA) and changed to frequency by two 1 
MHz V/F converters (NVF-02, Tsuji Denshi, Chiyoda, Japan). The signals are then 
fed to a scaler (974, ORTEC, Oak Ridge, USA) and finally stored in an computer 
(PC-9801 FA, NEC, Tokyo, Japan). For measurements in the vicinity of the K- 
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edges of cobalt, nickel, copper, and zinc, where intensities of X-rays emitted from 
the SR ring steeply decrease (see Fig. 1), a scintillation counter with 2 inches in di- 
ameter (SC-50, Rigaku, Tokyo, Japan) is also employed as an / detector. 

The double-crystal monochromator employed is of Golovchenko type [13]. The 
mechanical movement of the monochromator is in a range from 15° to 75°. The 
photon flux passing through a 2 mm x 9 mm slit is estimated at the sample position 
from the ion current of the ionization chamber. The evaluated values at various X- 
ray energies are summarized in Table 1. The InSb(l 1 1) crystal supplies monochro- 
matic X-rays from 1.7 to 6.4 keV, which covers the K-edge absorption energies of 
Si, P, S, Cl, Ar, K, Ca, Sc, Ti, and V. However, EXAFS measurements for K, Ca, 
and Sc are difficult by this monochromator because L-edge absorption of In and Sb 
appears in a region of 3.7 - 4.7 keV. The X-ray energy ranges provided by using 
Si(220) and Ge(220) are 3.4 - 12.4 keV and 3.2 - 12.0 keV, respectively. However, 
the compact SR source does not supply sufficient X-ray intensities above 1 1 keV as 
seen from Table 1 . A practical use of Si(220) and Ge(220) crystals is thus limited to 
the elements K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn. 




a : 50 pm Be b : Slit c : Monochromator 

d : 50 |iin Be e : 50 pin Bo or 50 pm Capton 

f : Detector for g : Sample h ; Detector for / 



Figure 2. The outline of EXAFS spectrometer at the SR Center of Ritsumeikan University. 

The two detectors (f and h) almost contact with each other and sample (g) is attached to f at 
the measurements of K-edge EXAFS spectra of chlorine. 

The quality of EXAFS spectra is much affected by higher-order harmonics. The 
steep decrease in X-ray intensities above 5 keV is characteristic of the intensity dis- 
tribution of the compact SR source. The number of photons at 10 keV is a few or- 
ders of magnitude smaller than that at 5 keV as is seen in Table 1 and, hence, the 
contamination of higher-order harmonics is negligible above 5 keV. Therefore, 
measurements of EXAFS spectra of a good quality become easy in the energy range 
of 5.0 - 10.5 keV by using the spectrometer. 

The InSb(l 1 1) monochromator is employed for EXAFS measurements in soft X- 
-ray regions. The X-ray intensities reflected by the InSb crystal are related to the 
atomic scattering factors^ and^b of In and Sb, respectively. The crystal structure 
of InSb is of the zinc blend type. The X-ray intensity scattered by the InSb(222) 
plane is proportional to (/Jn - Tsb)^ for this structure type [9]. The atomic numbers of 
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In and Sb differ only by 2 and the amount of the second-order harmonics involved 
in the incident beam must be negligibly small. The X-rays diffracted by the 
InSb(333) face may significantly contaminate the incident beam because the inten- 
sity is related to (/Jn^ [9]. However, helium gas is used for the detection of the 

incident and transmitt^ soft X-rays and the detection efficiency is low enough for 
the third-order harmonic X-rays with energies of 5 - 8 keV. 



Table 1. Photon flux at the sample position at various incident X-ray energies by using 
Si(220), Ge(220) and InSb(l 1 1) double crystal." 





Si(220) 


X-ray energy (keV) 
Ge(220) 


Photon flux 
InSb(lll) 


2.0 






8x 10’ 


2.5 






1 X 10‘“ 


3.0 






8x 10’ 


3.5 


1 X lO’ 


2x 10’ 


3 X 10’ 


4.0 


1 X 10’ 


2 X 10’ 


1 X 10’ 


5.0 


9x 10* 


9x 10* 


3 X 10* 


6.0 


4x 10* 


5 X 10* 


1 X 10* 


7.0 


2x 10* 


2x 10* 




8.0 


6 X 10’ 


6x 10’ 




9.0 


3 X 10’ 


2x 10’ 




10.0 


7 X 10* 


5 X 10* 




11.0 


3x 10* 


1 X 10* 





“ The beam size is 2mm x 9 mm and the photon flux is normalized to 300 mA storage. 



3. SOLVATION STRUCTURE OF CHLORIDE AND IODIDE IONS 
IN METHANOL AND ETHANOL 

Figure 3 shows the chlorine K-edge EXAFS spectrum of aqueous 1 mol dm"^ 
tetraethylammoium chloride solution and the iodine Lm-cdge EXAFS spectrum of 
aqueous 0.5 mol dm~^ Nal solution measured by using InSb(lll) and Ge(220) 
monochromators, respectively. A sample solution was absorbed on a piece of paper 
(CLEAN WIPE-P, Asahi Kasei, Tokyo, Japan) and sealed in a bag made of a thin 
Mylar film. In order to avoid intensity loss due to absorption by air at the measure- 
ment of the chloride solutions, the I chamber is located just behind the Iq one and the 
separation distance is about 5 mm. 

The extracted EXAFS oscillations and the Fourier transformed structure func- 
tions for 1 mol dm"^ (C2H5)4NC1 in water, methanol, and ethanol are depicted in Fig. 

4. The broad and large peaks around 230 pm in the |F(r)| functions, which were 
uncorrected for the phase-shifts, are mainly due to the Cl"^ interactions (Fig. 4b). 
Analyses of these peaks by the Fourier-filtering method were performed assuming 
that ^e chloride ion in water binds with six water molecules and the CL-O distance 
is 320 pm [2]. In the fitting procedure, the theoretical backscattering amplitude and 
phase functions reported by McKale, et al [10] were used. The lc%{K) curves in 
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methanol and ethanol solutions showed shoulders around 3 x 10'^ pm"\ which was 
not seen in the aqueous solution. As a first attempt, only one kind of scatterer, /.e., 
oxygen atom, was considered, and the solvation numbers in methanol and ethanol 
were found to be 3.4 and 3.8, respectively. 





Figure 3. (a) The K-edge EXAFS spectrum of aqueous 1 mol dm'^ (C2H5)4NC1 solution with 
an InSb(l 11) monochromatoe, (b) the Lm-edge EXAFS spectrum of aqueous 0.5 mol dm~^ 
Nal solution with a Ge(220) monochromator. 

These values were significantly smaller than six found in water. Furthermore, 
the Hamilton /^-factors for methanol and ethanol are appreciably larger than that for 
water (see Table 2). Then, contribution of two scatterers to the oscillations was 
taken into consideration. TTie other scatterer is carbon atom in a methyl group of 
methanol and a methyl or a methylene group in ethanol. The least-squares calcula- 
tions assuming two scatterers, in which the numbers of the CV-O and CT. . .C inter- 
actions were treated as the same, gave much smaller /^-factors both for the methanol 
and ethanol systems than those under the single-scatterer assumption. The total 
numbers of atoms participating in the chloride solvation are 6.4 and 7.8 for methanol 
and ethanol solutions, respectively. The chloride ion in the alcohol solutions inter- 
acts with oxygen atoms as well as methyl or methylene groups. The interaction of 
methyl groups with halide ions in DMSO has been reported [11,12]. 

When the numbers of the CT-O and Cr...C interactions were optimized as in- 
dependent parameters, the n value for the Cl". . .C pair did not well converge. Thus, 
it could not be definitely concluded from the present study that all the alcohol mole- 
cules in the solvation sphere bind with the chloride ion through both oxygen and 
carbon atoms or some of the alcohol molecules solvate the chloride ion with only 
hydroxyl oxygen atom. 

The ^tl |F(r)| curves for 0.5 mol dm ^ Nal in water and 0.5 mol dm ^ (n~ 
C 4 H 9 ) 4 NI in methanol and ethanol shown in Fig. 5 were analyzed in a similar man- 
ner. 

Looking at various literature values for the hydration number of iodide ion, the 
value of eight was adopted as reference [2]. The I'-O distance was set to be 360 pm 
in water [2]. The results are given in Table 3. 
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a) b) 

Figure 4. (a) The extracted oscillations x(k) weighted by of the chloride ion in water, 
methanol, and ethanol, (b) the Fourier transforms of the k\(k) curves, uncorrected for the 

phase shift. 



Table 2, The number of interaction n, the bond length r, the Debye-Waller factor s, and the 
Hamilton R-factor for the solvated chloride ion in 1 mol dm-3 water, methanol and ethanol 
solutions of (C2H5)4NC1 at 25 °C. 



Solvent 


Interaction 


n 


r/pm 


a/pm 


R 


Water 


cr-0 


e 


320" 


20.7 ±0.1 


0.028 




cr-o 


3.4 ±0.3 


316± 1 


15.9 ±0.6 


0.153 


Methanol 


cr-0 


3.2 ±0.2 


317±1 


16.6 ±0.2 


0.018 




Cl ...c 


3.2 ±0.2 


389 ±1 


19.7 ±0.1 






cr-0 


3.8 ±0.4 


319±I 


16.8 ±0.7 


0.183 


Ethanol 


Cl -o 


3.9 ±0.5 


320 ± 1 


18.1 ±0.7 


0.056 




C1...C 


3.9 ±0.5 


391 ±1 


19.6 ±0.4 





Fixed during the calculation. 
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Figure 5. (a) The extracted oscillations x(k) weighted by of the iodide ion in water, metha- 

nol, and ethanol, (b) the Fourier transforms of the k\(k) curves, uncorrected for the phase 

shift. 



Table 3. The number of interaction n, the bond length r, the Debye-Waller factor s, and the 
Hamilton R-factor for the solvated iodide ion in 0.5 mol dm~^ Nal in water, and 0.5 mol dm ^ 
(n-C 4 H 9 ) 4 NI in methanol and ethanol at 25 °C. 



Solvent 


Interaction 


n 


r/pm 


a/pm 


R 


Water 


r-o 


8" 


360" 


20.110.1 


0.044 




r-o 


3.9 ±0.3 


353 + 1 


20.0 1 0.7 


0.190 


Methanol 


r-o 


3± 1 


361 ± 1 


1713 


0.046 




r...c 


3± 1 


405 ± 1 


2013 






r-o 


3.510.4 


352 ± 1 


17.710.7 


0.171 


Ethanol 


r-o 


3± 1 


358 ± 1 


1712 


0.059 




I...C 


3± 1 


404 ± 1 


2015 





^ Fixed during the calculation. 



The one-scatterer calculation led to an unrealistically small solvation number of 
r in the alcohols compared with that in water. The two-scatterers calculation in- 
cluding oxygen and carbon atoms gave the total number of interactions of 6 ± 2 for 
methanol and ethanol (Table 3). The differences between the T-O and 1"...C inter- 
action distances are 44 and 46 pm in methanol and ethanol, respectively. The values 
are much smaller than those for the Cl"-0 and Cr...C interactions (72 and 71 pm 
for methanol and ethanol, respectively), which suggest easier accommodation of 
alcohol molecules around the iodide ion than the chloride ion. Thus, the smaller 







165 



solvation number in methanol and ethanol than that in water may be caused by 
ligand-ligand repulsive interactions in the solvation shell of the anion due to the 
larger volumes of the alcohol molecules than water. The errors involved in the num- 
bers of the T-O and I". . .C interactions are rather large, ^^4lich may in part arise from 
a large fluctuation in the position of considering alcohol molecules around the iodide 
ion. 
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I. INTRODUCTION 

The birefringence is induced in liquids and solutions containing certain amount 
of nonspherical molecules and particles as a result of the orientation of the mole- 
cules or particles due to longitudinal ultrasonic waves [1-23]. This phenomenon was 
called as the ultrasonically induced birefringence. Early theoretical studies of the 
birefringence have been reviewed by Hilyard and Jerrard [1]. 

For neat liquids consisting of the small anisotropic molecules, the orientational 
relaxation time is smaller than the period of ultrasound so that the velocity gradient 
caused by ultrasound can directly induce the sinusoidal orientation. This causes the 
sinusoidal birefringence and it is propor tiona l to the ultrasonic amplitude, that is, the 
square root of the ultrasonic intensity [1-7]. On the other hand, for large ani- 
sotropic particles such as colloidal particles, the orientational relaxation time is 
much larger than the period of the ultrasonic wave so that the orientational motion 
cannot follow the sinusoidal velocity gradient. However, the radiation pressure, 
which is one of the typical quadratic acoustic effects, produces the stationary torque 
on the particle that induces the uniform and stationary orientation of the particles in 
the solutions [8-11]. In this case, the stationary birefringence is induced. The in- 
duced birefringence is proportional to the ultrasonic intensity W\j. 

Ultrasonically induced birefringence will be a useful method for the investiga- 
tion of orientational behavior in liquids and solutions since it is applicable to wide 
variety of the solution systems because it does not require the dipole moment or 
magnetic anisotropy. In addition, it is suitable to investigation of the orientational 
motion of ionic system because it is free from the presence of ions or electric double 
layer of ionic colloids. We have been studied ultrasonically induced birefringence 
in liquid crystals in isotropic phase, colloidal polymer solutions. In this review, we 
will summarize our recent theoretical and experimental studies. 

In the first part of this review, we will describe our experimental system for the 
ultrasonically induced birefringence [10,20]. 
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In the second part, we will briefly introduce the theory of ultrasonically induced 
birefringence for neat liquids and show the experimental results in liquid crystals in 
isotropic phase [7,20]. 

In the third part, we will briefly review our extension of the modified Oka theory 
for to rod-like particles the show experimental results. The frequency dependence of 
birefringence will be discussed on the basis of the modified Oka theory for rod-like 
particles. In addition, orientational relaxation times of rod-like particles have also 
been evaluated from the trace of the transient birefringence. 

It is well known that at the concentration above critical micelle concentration 
(CMC), surfactants molecules aggregate to spherical micelles. At higher concentra- 
tion and/or in addition of salts, it changes to rod-like micelles. The birefringence has 
been observed in such a rod-like micelles systems. We also discuss anomalous tran- 
sient curve observed in entangled rod-like micelles [11,12]. 

Finally, we would like to review the ultrasonically induced birefringence in 
polymer solutions. The mechanism of the ultrasonically induced birefringence in 
polymer solutions is of strong interest since a polymer molecule is a long flexible 
chain consisting of the small monomer unit. We will show our recent results [20- 
24]. 



2. EXPERIMENTAL SYSTEM OF ULTRASONICALLY INDUCED 
BIREFRINGENCE 

To measure ultrasonically induced birefringence, two different detecting tech- 
niques were used [20]. One is the “non-biased” measurement and the other is the 
“biased” measurement. Figure 1 show a block diagram of a measurement system. 
The direction of the incident light is perpendicular to the direction of the sound wave 
propagation. The light from a He-Ne laser (632.8 nm, 5 mW) passes through a polar- 
izer with an angle of polarization at 45®, a sample cell, and an analyzer. For the 
non-biased detection, the analyzer is set at extinction angle. For the biased detec- 
tion, a A/4 plate is inserted and the analyzer is set with a small offset angle p from 
its extinction position. 



5mW 

He-Nc Laser 




X /4 plate 



Lens Photo- 
diode 



Polarizer 



rrequency 

Synthesizer 



Analyzer 
Quartz Crystal Oscillator 



Mixer] — I Amplifierl 



Digital Synchroscop e 



Pulse Generator 
(Function 
Generator) 



Trigger 



Figure 1. . Block diagram of ultrasonically induced birefringence measurement system 
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If the acoustic field is applied to solutions, the optical phase retardation 5 is pro- 
duced and the intensity of light passed through the analyzer increases. For \p |«1 
and |<^1«1, the intensities of light passed through the analyzer are given by 

I^lXsi2Y+pS + p^)+I, ( 1 ) 

where /q and 4 are the light intensities in the absence of the sound wave with the 
polarizer and the analyzer being parallel and perpendicular, respectivel y. For the 
non-biased detection, >^=0, the phase retardation is given as, S=2\](I-I\y) /Iq. 
While for the biased detection, the ph ase retardation is given as, S= (/+- /_) /(2IqP), 
where the light intensities with offset angles ±fi are described by /+ and /_, respec- 
tively. The birefringence An is obtained from the phase retardation S as follows. 

An = XSj^lwd) (2) 

where A is the wavelength of the laser light and d is the optical path length. 

As indicated in Eq.(l), the phase retardation obtained by the non-biased meas- 
urements is the root mean square one and thus the sign of birefringence cannot be 
obtained. The merit of this method is that both the sinusoidal and stationary term 
can be detected. The An as much as 10'^ can be detected. In the biased measure- 
ment, the sinusoidal birefringence is averaged and only the stationary component is 
observed. In this case, the sign of the birefringence can be obtained and high signal 
to noise (S/N) ratio can be realized if values of P are properly set as |^1« \P 1«1 . 
The An in the order of 10~^’ can be measured and we can distinguish the weak sta- 
tionary birefringence against the sinusoidal one. 

In the case of stationary birefringence, application of burst ultrasound enables us 
to measure the reorientational relaxation time r by analyzing the extinction curve 
after burst wave is turned off [8,10]. If the reorientational motion is expressed in 
terms of a single relaxation process, the extinction curve of the birefringence is 
given as 

A«(/)=A« 3 ,exp(-//r) (3) 

where A^st the stationary value of An{t). 

Figure 2 shows the typical trace of ultrasonically induced birefringence signal 
for the a-hematite (Fe 203 ) sol using the biased measurement technique and the 
waveform of the ultrasonic pulse used. The sign of the birefringence is negative. 

To discuss the frequency dependence of the birefringence, the ultrasonic inten- 
sity must be measured precisely. To do so, we measiued the ultrasonic intensity on 
the basis of the light diffracted by the propagating sound waves. The Raman-Nath 
parameter is defined as, 

v^={2ndlX){dnldp)Sp (4) 

where n is the refractive index and is the density perturbation caused by ul- 
trasound. The Raman-Nath parameter can be estimated from the diffracted light 
intensity using the numerical calculation given by Klein and Cook [20,25]. The Ra- 
man-Nath parameter is related to the ultrasonic intensity Wyj as, 

= V, ^ (c; l2p\ {Al2mif ■ {dp/dnf (5) 

where cq is the sound velocity. Detailed method to obtain ultrasonic intensity 
was given in the literature [7,20]. 
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Figure 2 (a) Trace of transient ultrasonically induced birefringence of a-Fe 203 sols at volume 
fraction 4.7 xlO'^ at 25°C (25 MHz, 0.005 W cm*^). (b) Applied ultrasonic pulse. 



3. ULTRASONICALLY INDUCED BIREFRINGENCE IN NEAT 
LIQUIDS 

3.1 INTRODUCTION 

For neat liquids, a sinusoidal velocity gradient can directly produce sinusoidal 
orientational order. The reorientational order produced is not uniform but propa- 
gates as waves and the induced birefringence should be proportional to the ultra- 
sonic amplitude, that is, the square root of the ultrasonic intensity. In the neat liq- 
uids, we cannot obtain the transient decay curve after rapid cessation of ultrasonic 
irradiation. If the relaxation frequency for reorientational motion is close to the ap- 
plied ultrasound frequency, the birefringence per amplitude of the applied ultrasonic 
wave should be affected by the reorientational relaxation processes of the molecules. 

The ultrasonically induced birefiingence due to the velocity gradient is treated in 
terms of the coupling of the reorientational mode with the translational mode. Prob- 
lems with regard to the coupling phenomena have been investigated mainly by flow 
birefringence and the VH depolarized light scattering [26-28]. Theories for the flow 
birefringence and the VH depolarized light scattering were constructed independ- 
ently on the basis of the de Gennes’ phenomenological theory [26] and irreversible 
statistical mechanics [27,28]. In both theories, the coupling of reorientational mode 
with the shear mode was taken into account. The expressions derived from both 
theories are consistent with each other [29]. In the case of ultrasonically induced 
birefiingence, where coupling of the reorientational mode with the longitudinal 
mode should be taken into account, the formula for the birefringence from the irre- 
versible statistical treatment has already been derived by Lipeles and Kivelson. We 
derived a theoretical expression of the ultrasonically induced birefringence in terms 
of the de Gennes’ phenomenological theory [7,26] and here, we brief review the 
derivation and compare it with that obtained by Lipeles and Kivelson [30]. 

The liquid crystal in isotropic phase is a most appropriate sample to examine the 
expression obtained here, because the relaxation frequencies of the orientational 
motions are the same order magnitude as the ultrasonic frequencies usually used for 
ultrasonic relaxation studies. Besides, the flow birefringence for isotropic phase of 




171 



liquid crystal has been already reported [31] by Martinoty et al The values of the 
flow birefringence and the relaxation frequencies are required to reproduce the fre- 
quency dependence of the ultrasonically induced birefringence. 

3.2 PHENOMENOLOGICAL THEORY OF ULTRASONICALLY IN- 
DUCED BIREFRINGENCE IN NEAT LIQUIDS [7,241 

Expression of ultrasonically induced birefringence in neat liquids can be ob- 
tained from the extension of the de Gennes’ phenomenological equations [26] to 
more general ones [7,24]. The basic equations are transport equations of the mass 
and momentum conservation as, 



Sp + pd,v^ =0 


( 6 ) 


1 

II 


( 7 ) 



where p is the equilibrium density, dp and dp are the mass and pressure pertur- 
bations, respectively, (Jap is the stress tensor and is the velocity vector and re- 
peated indices are summed. We neglect here the effects of temperature fluctuations. 
The stress tensor and strain rate tensor. Gap and \yap can be written as the sum of 
isotropic and anisotropic parts: Gap^ Gap ^ Gap'' and The 

isotropic and anisotropic parts of the strain rate tensor are respectively written as 
follows, \Yap'= dkVkdapl3 and \7ap''= {payp-^ dpV^ll-\yap\ To consider the 
coupling of translational mode with orientational mode, we will take the tensor order 
parameter of molecular orientation Qap. and its conjugated stress (!>ap as internal 
variables [26]. Since the tensor order parameter is anisotropic (i. e. traceless), the 
anisotropic part of the Gap and \yap can couple with the orientational mode. The 
relation between “force” and “flow” can be thus written by the expression of non- 
equilibrium thermodynamics as follows: 

( 8 ) 

+ ''Qafi ( 9 ) 

where rjy, is the volume viscosity, is the shear viscosity, and p and v are vis- 
cosity parameters introduced by de Gennes: /i is a measure of coupling between Qap 
and anisotropic part of the flow field, while v is related to the relaxation of Qap- If 
fluctuation of Qap is small, the relation of Qap and (j>ap is written as, (f>ap=-A Qap , 
where A is the quadratic expansion coefficient of free energy in Qap. We also need 
the thermodynamic relation, dp={dp!dp^s^P^C{^^^P > where cq is the sound veloc- 
ity in the low frequency limit. 

Using the Eq.(6)-(9), we discuss problems of the longitudinal modes. Gradient 
of the displacement is taken in the x direction. The linearized differential equations 
of motion are expressed respectively as follows. 
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where T is the reorientational relaxation rate defined as F = ^/vand R is the 
translational-reorientational coupling parameter and it is related to the de Gennes 
viscosity coefficient as /? = (2//^)/(7sv) [26]. For longitudinal case, Qyy and are 
obtained as Qyy= Q^z- - 2xt/2. 

From the Eq. (9), we can derive the expression of the ultrasonically induced bi- 
refringence. The tensor order parameter Qa^ is related to the local dielectric tensor 
as, Qafi= 3 {sa/ 3 - / (2A£^), where €a/} is the dielectric tensor, sr is the mean 

dielectric constant in the absence of external perturbations and As is the anisotropy 
in the dielectric constant if all molecules are perfectly aligned in one direction. We 
choose z axis to be the direction of the optical beam whose polarization lies in the xy 
plane. 

For ultrasonically induced birefringence measurement, the direction of the po- 
larization of incident light is at 45® from the y axis. The relation of Q^x to the bire- 
fringence can be obtained as follows [7,24], 

An = {As/{2n)}Q„ (11) 



Applying of the Fourier transform to Eq.(lO) and using the definition of the ul- 
trasonic intensity, W\j = Sp^l(2pco^, the root mean square of the ultrasonically in- 
duced birefringence A«rms is obtained as, 



As \Qxx\ ^ 2As i Rr/s fVy co 
2n 3« V 2A ^Jl + (a,/rf 



( 12 ) 



Expression for flow birefringence is obtained from the same framework as 
[7,24,26], 

= -{2/As/(3n)ljRr/J(2A) (1 3) 



From Eqs. (12) and (13), the ultrasonically induced birefringence is related to the 
flow birefringence j A^if / *, ” ,;k| by. 
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Expressions for flow [32] and ultrasonically induced birefringence [30] were ob- 
tained by Kivelson and coworkers based on an irreversible statistical treatment as. 
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(16) 



where i?Totai is the total light scattering per unit volume, A^ is the depolarization 
ratio, Hcis the ratio of the central Lorenztian HH Rayleigh line relative to the total 
depolarized light scattering intensity, ks is the Boltzmann constant, T is the tempera- 
ture. It should be noted, however, the proportionality constant in Eq.(16) differs by 
a factor of 2. This difference comes from the choice of coupled valuable in longitu- 
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dinal mode. Details of the problem in the coupling between longitudinal and orien- 
tational mode were discussed in the literature [7,24]. 

3.3 EXPERIMENTAL RESULTS FOR ISOTROPIC PHASE IN LIQUID 

CRYSTALS [71 

As shown in the preceding section, the theoretical expressions for the ultrasoni- 
cally induced birefringence of liquids and solutions are obtained in the framework of 
the de Gennes’ phenomenological theory. 

The liquid crystal in isotropic phase is a most appropriate sample to examine the 
expression obtained, because the relaxation frequencies of the orientational motions 
are in the same order of ultrasonic frequencies usually used. Besides, the flow bire- 
fringence for isotropic phase of liquid crystals, /?-«-pentyl jo’-cyanobiphenyl (5CB), 
has been already reported by Martinoty et al [4]. The values of the flow birefrin- 
gence and the relaxation frequencies are required to reproduce the frequency de- 
pendence of the ultrasonically induced birefringence. 

To confirm our expression quantitatively, we measured the ultrasonically in- 
duced birefringence of 5CB in the isotropic phase as a function of frequency (fre- 
quencies at 3,5,7,1 1, and 13 MHz) at temperature of 50 and 55 °C. 

Figure 3 shows the ultrasonic intensity dependence of the birefringence in 5CB 
at 50 °C. The slope of the solid line for this logarithmic plot is 0.5, indicating the 
birefringence is proportional to the square root of the ultrasonic intensity. This re- 
sult is i n goo d agreement with E g. (HV Figure 4 shows frequency dep enden ce of 
A^rms'V^u The value of A«nm' increased but the slope 5(A«nm* 0 / 

decreased with increasing frequency. The values of |A«f / from flow birefrin- 
gence measurements [31] and T from optical beating light scattering experiments 
[33]. The values of |A«f / ",y| are 1.86 and 1.26 ns and those of T/2;rare 10.0 and 

15.3 MHz at 50 and 55°C, respectively. The solid curves in Figure 4 were the calcu- 
lated ones obta ined by substituting those values into Eq. (14). The observed values 
of A^nnsW^u ' fhis study were satisfactorily reproduced by Eq. (14). 

Martinoty and Bader measured the ultrasonically induced birefringence for the 
isotropic phase of liquid crystals [4,5]. In their experiment, however, only the rela- 
tive values of the ultrasonic intensity were measured and they examined Eq.(14) in 
terms of the temperature dependence of the birefringence at three different frequen- 
cies. We directly measured the ultrasonically induced birefringence as a function of 
frequency and ultrasonic intensity. Our results were reproduced completely by the 
equation derived here. Moreover, the absolute values of ultrasonically induced bire- 
fringence obtained in this work were in good agreement with those calculated using 
the flow birefringence and reorientational relaxation frequency obtained by light 
scattering. This indicates clearly that our theoretical treatment is valid and the 
method of ultrasonic intensity measurement presented here is very usefull. 
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Figure 3. Ultrasonic intensity dependence of the root mean square of the induced birefrin- 
gence of 5CB (Closed circle) at 50 °C. The solid line indicates the slope of 0.5 




Figure 4. Frequency dependence the birefringence per the square root of the ultrasonic inten- 
sity at 50°C (closed) and 55°C (open). Solid curves indicate the estimation from Eq.(20). 
The detailed explanations are given in the text 
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4. ULTRASONICALLY INDUCED BIREFRINGENCE IN COL- 
LOIDAL SOLUTIONS 

4.1 INTRODUCTION 

The theory developed by Oka [15,16] indicated that large disc-like rigid particles 
align by hydrodynamics torque which is produced by the radiation pressure due to 
the passage of the ultrasonic waves. The normal of disk-like particles is parallel to 
the ultrasonic field, and the sign of the birefringence of disk particles is negative. 
The measurements of the birefringence of large rigid disc-like particles were carried 
out on bentonite [2] and gold sols [3,8,18]. These experimental results show that the 
birefringence is proportional to the ultrasonic intensity as predicted by the Oka the- 
ory. Ou-Yang et al. [8] made use of the Raman-Nath diffraction effect to measure 
the ultrasonic intensity at the frequency range from 1 to 19 MHz and investigated 
the ultrasonically induced birefringence of gold sols as a function of solvent viscos- 
ity, particle size and ultrasonic intensity and frequency. The birefringence increased 
with increasing ultrasonic frequency and decreasing viscosity and the sign of the 
birefringence was positive. They modified the Oka theory to explain the sign of the 
birefringence and the dependence of the birefringence on the frequency and viscos- 
ity. 

For large rigid rod-like particles, no theoretical study of the ultrasonically in- 
duced birefringence has been reported. Experimental investigations on the birefrin- 
gence of V2O5 sols [9,13,14,17,19] have been carried out so far. The ultrasonically 
induced birefringence of V2O5 sols was proportional to the ultrasonic intensity and 
the volume fraction as predicted by the Oka theory [15,16]. Petralia also indicated 
that the birefringence depends on the viscosity and the sign of the birefringence is 
positive [17]. We carried out the investigation of the frequency dependence of the 
birefringence of rod-like rigid particles and discussed the results in terms of the 
modified Oka theory. 

Some surfactant molecules form rod-like micelles in aqueous solution [34,35]. 
In the dilute concentration range, the solutions of these surfactants behave like sol 

[36] . At higher concentrations, the rod-like micelles form the entanglement net- 
works and the solutions show the pronounced viscoelasticity. The rod-like micelles 
are anisotropic aggregates and the solutions become birefringent by application of 
external fields. The dynamics of the entanglement networks of the rod-like micelles 
has been investigated by birefringence measurements such as electric birefringence 

[37] and flow birefringence [38-40]. The results of studies showed some anomalous 
behaviors characteristic of the entanglement networks. 

Compared with other birefringence methods, the advantages of the ultrasonically 
induced birefringence one is that it enables us to investigate the motion of rod-like 
micelles under the fast mechanical perturbation. In addition, it is free from the pres- 
ence of ions or electric double layer of rod-like micelle. We will here introduce the 
investigation of the dynamics of the entanglement networks of the rod-like micelles 
hexadecyldimethylamine oxide (CDAO) and mixtures of hexadecyl- 
trimethylammonium bromide (CTAB) and sodium salicylate (NaSal) by ultrasoni- 
cally induced birefringence measurements. The elastic property of the entanglement 
networks of the rod-like micelles will be discussed from the transient spectrum of 
ultrasonically induced birefringence. 
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4.2 MODIFIED OKA THEORY FOR ROD-LIKE PARTICLES 

Here we briefly review the modified Oka theory for the rod-like particles [10]. 

Application of external fields such as electric, magnetic and ultrasonic fields will 
induce the birefringence A«, which is given by 

A« = 2MG©^/«5 (17) 

where 0 is the mean orientation of the particles, AG is the optical anisotropy, (j) 
is the volume fraction of particles and is the refractive index of the solution. The 
mean orientation can be calculated from the distribution function of particles which 
is obtained by considering the potential energy due to the torque caused by the ap- 
plied field. For ultrasonic field. Oka [15,16] assumed that the passage of acoustic 
waves sets up the radiation pressure so that large rigid disc-like particles are subject 
to the turning torque that will align them. The ultrasonic torque is estimated by con- 
sidering the Rayleigh disc [41,42] problem. We extended the modified Oka theory 
for disc-like particles in view of application to prolate particles. The time averaged 
torque |A/| for prolate particles is written as, 

\M\ = Xp^ab^{v-uY smie (18) 



where v is the fluid velocity, u is the translational velocity of particle, po is the 
densities of solvent, the a and b are the radii of major and minor axes of the particle, 
respectively and 0 is an angle between the major axis of prolate spheroids and the 
direction of ultrasonic propagation. S}anbol X is given as, 
where 



Y _ I2g, 73 + ln{(l + g, )/(l - g J} - gj 09 ) 

with Ss =yl<?-b^ la. If the ultrasonic energy is small compared with the ther- 
mal disturbance, the birefringence is expressed for the prolate particles as 



A« = AXmb''^G(pW^^ |f| Y(l 5kjc^n ^ ) 



( 20 ) 



where is the Boltzmann constant, T is the temperature, is the sound velocity 
of solvent, and the factor F is the non-dimensional factor related to the relative ve- 
locity between the fluid and particles. The optical anisotropy of the prolate particles 
can be obtained by an extension of the theory of Peterlin and Stuart [44]. 

In the Oka theory, the factor F was calculated in an ideal fluid, one without vis- 
cosity, it is found that for the disk for the prolate spheroid [10] as, 

^ = (p-Po)/{p + Po«p/(2-«p)} (21) 



where p is the densities of the particle and the parameter is given as, 

«p = ah^ £ (a^ +x) + jc) (22) 



In the Oka theory, the factor F is independent of the viscosity and the frequency 
so that the birefringence is also independent of them. 

Ou-Yang et al. [8] indicated that the suspended particles which execute transla- 
tional oscillations in fluid are subject to the drag force that is shown in terms of the 
librational Reynolds number Ri^=a^o)po f (2 tjs) [45]. They supposed that the trans- 
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lational motion is much faster than the orientational motion and the equation of 
translational motion for particles in dilute region is expressed as 

F = {p-p,)l[p + i{^IVco% + ^)-i(4r^ +;^J| (23) 

where V is the particle volume, ^is the Stokes’ drag coefficient and ;^is a con- 
stant. When the rod-like particles are translating in the direction perpendicularly to 
major axis, the f is given [46] as 

= \67iT]sab^ j{x + a^a^), x = ab^ +xY dx (24) 

In the high frequency limit, Ry^ — > oo, the parameter F in viscous fluids is reduced 
to that in ideal fluid. Comparing Eqs.(23) and (24) with Eq.(21) leads to the rela- 
tion, /= + / {(6<3f^) (2- Op )} . The frequency dependence of the birefrin- 

gence for the rod-like can be expressed in terms of F. 

4.3 ULTRASONICALLY INDUCED BIREFRINGENCE IN ROD-LIKE SOL 

SOLUTIONS [101 

In order to elucidate the frequency dependence of the ultrasonically induced bi- 
refringence and the orientational relaxation time of rod-like particles, we used the 
hematite (a-Fe20; axial ratio=5.5, the volume fraction was varied from 9.4x10’^ to 
2.4x10'^) sol of rod-like particles and poly(tetrafluoroethylene) (PTFE; the average 
length of major axis of 0.55//m and the average axial ratio of 1.9. The volume frac- 
tion was varied from 1.3x10'^ to 8.2x10’^) latex of prolate particles. We will show 
here the experimental results and discuss the frequency dependence of the stationary 
birefringence and the relaxation time of them. 

As described in subsection 4.2, the Oka theory [15,16] predicted that the bire- 
fringence is proportional to the ultrasonic intensity and volume fraction. In addition 
the birefringence does not depend on the ultrasonic frequency nor the solvent viscos- 
ity. 

Figure 5 shows the intensity dependence of the birefringence of a-Fe 203 and 
PTFE sols. The birefringence obtained here is proportional to the ultrasonic inten- 
sity. This is in accordance with the Oka theory. Figure 6 shows the frequency de- 
pendence of the birefringence multiplied by the temperature to compensate for the 
l/ik^T) factor associated with thermal randomization. The birefringence depends 
on the frequency. This means that the birefringence of rod-like particles is not fully 
interpreted by the Oka theory. 

From the theoretical expression in the above subsection, the theoretical estima- 
tion of the frequency dependence of the stationary birefringence can be obtained. 
The calculated birettngence increased with frequency. This tendency is qualita- 
tively in accordance with the experimental results. However, for a-Fe 203 sols, the 
experimental values were about 20 times larger than the theoretical value while, for 
PTFE latex, the experimental values are about 100 times as large as the theoretical 
values [10]. 

The large deviations from the theoretical values cannot be explained in terms of 
the modified Oka theory for rod-like particles, even if one takes into account the 
experimental and estimation errors in the refractive index and the size of the particle. 
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Figure 5.. Birefringence against ultrasonic intensity at 25°C (25 MHz): (•) a-Fe 203 sols at 
volume fraction 4.7x10'^; (□) PTFE latex at volume fraction 7.6x10* . Birefringence against 
ultrasonic intensity at 25°C (25 MHz): (•) a-Fe 203 sols at volume fraction 4.7x10*^; (□) 
PTFE latex at volume fraction 7.6x10*^. 




Figure 6.. Plots of AnT/W]j against the ultrasonic frequency. A. a-Fc 203 sols of (volume 
fraction=4.7x 10*^). Temperature: (O) 50 °C; (□) 25 X; (^ ) 10°C. B. PTFE latex (vol- 
ume fraction=8.2 x lO*"^). Temperature: (•) 50°C; (^ ) 10°C. 

In the modified Oka theory, the parameter F in the Oka theory was replaced by 
the one derived from the Navier-Stokes equation for viscous fluids. However, the 
turning torque also should be modified on the basis of the Navier-Stokes equation. 
In addition, under oscillatory motion, the flow around the rod-like particles is com- 
plicated and the flow may be in eddy or stagnation. A new theory of the ultrasoni- 
cally induced birefringence should be required for the case of rod-like particles after 
taking into account of turning torque in viscous fluids and the boundary condition of 
fluids around the rod-like particles. 
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The birefringence decays after ultrasonic field disappears as shown in Figure 2 
in the experimental section. This decay reflects the orientational relaxation process 
of the particles. The orientational relaxation time of the particles is obtained by fit- 
ting the extinction process of the birefi*ingence to Eq.(3). The orientational relaxa- 
tion times of a-Fe203 sols and PTFE latex are plotted against tjs I {k^T) in Figure 
7. As is shown in Figme 7, the orientational relaxation times of both a-Fe203 and 
PTFE particles could be expressed by the Debye-Einstein equation. The orienta- 
tional relaxation time r of a-Fe203 and PTFE particles in dilute solution followed 
the Debye-Einstein equation, r= rj^V* / where V* is the effective volume of a 
particle. The effective volume of a-Fe203 and PTFE particle estimated from the 
slopes in Figure 7 were 1.5 x 10’^^ and 7.6x10'^® m^ respectively. The effective vol- 
ume F* of a prolate particle was given as [47,48] 




where p is the axial ratio bla. For PTFE latex, la calculated from Eq. (32) was 
0.80 /jm with p=M\.9. The size of PTFE particles obtained from the electron mi- 
croscopy was within 0.4 to 1.0 pm with an average value of 0.55 pm and it was 
smaller than the size estimated from the birefringence measurements. For a-Fe203 
particles, the value of la was 0.55 pm with /7=l/5.5 and was consistent with the 
value reported by Ozaki [49]. 

This fact means that the orientational motion of these particles is not affected by 
the interparticle interaction. In other words, information of the orientational motion 
of isolated particles with large anisotropy is obtained by the ultrasonically induced 
birefringence, since the measurements in very dilute solution can be carried out. 




0 12 3 4 5 
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Figure 7. Orientational relaxation time for a-Fe 203 sols and PTFE latex are plotted against rjs 
fksT. A. a-Fe 203 sols (volume fraction (0)2.4 x 10'^; (0)4.7 x 10’^). B. PTTE latex( volume 
fraction (B)4.1 x 10 ^ (B)7.6 x lO'^ (♦)2.6 x lO ^ 
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4.4 ULTRASONICALLY INDUCED BIREFRINGENCE OF ROD-LIKE 
MICELLES IN ENTANGLEMENT NETWORKS 111,121 

Figure 8 gives transient trace of the ultrasonically induced birefringence meas- 
urements observed for aqueous solutions of CTAB-NaSal at 55, 35 and 25®C with 
CTAB concentration being 20mM and molar ratio of NaSal to CTAB being 0.6 [12]. 
From viscosity and rheological measurements, spherical micelles were formed at 
55®C and at 35°C, it changed to rod-like but not in entanglements states. However, 
at 25°C the entanglement network was recognized by rheological measurements. In 
spherical micelles at 55°C, a birefringence signal was not observed. In the region of 
rod-like micelles at 35°C, the negative birefringence with single exponential decay 
was observed. 



SDhencal micelle 




Figure 8. Transient trace of ultrasonically induced birefringence for aqueous solutions of 
CTAB-NaSal at 55, 35 and 25°C with CTAB concentration being 20mM and molar ratio of 
NaSal to CTAB being 0.6. The schematic figure of the micelle condition is illustrated in the 
right side. 

At 25®C, in the entangled state of rod-like micelles, the birefringence after the 
onset of ultrasound increases suddenly and approaches the steady value after a 
damped oscillation as shown in Figure 8. The observed birefringence signal can be 
expressed by as 

A«(/) = exp(- tf Tj )cos(2;r//r ) (26) 

where A«st is the birefringence at the stationary state, is the damping time con- 
stant and T is the period of oscillation. Similar signal was observed with increasing 
molar ratio of NaSal to CTAB [12] and with increasing detergent concentration in 
aqueous solutions of CD AO [11]. 

In the region that the birefringence showed single exponential behavior in 
CTAB-NaSal solution, the long diameter of rod-like micelles could be estimated 
from the Debye-Einstein plot and it was about 2 /mi. However, the mean distance 
between the rod-like micelles was 0.3 jjm. The concentration thus was not in dilute 
region so that application of the Debye-Einstein relation was not valid. From the 
rheological measurements, the complex shear modulus behaved like the Rouse like 
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polymer. The effective viscosity should be taken into account in the Debye-Einstein 
relation as was done in the polymer solution. The experimental results for rod-like 
micelles when the entanglement was formed were summarized in the following 
[11,12], 

1 . The transient birefringence signal showed the damped oscillation. 

2. The stationary values of the birefringence was proportional to the ultra- 
sonic intensity . 

3. The Awst/ value increased with increasing frequency. 

4. The period of the oscillation decreased with increasing molar ratio of 
the added salt to micelle, increasing concentration of micelles and de- 
creasing the temperature. 

The ultrasonic intensity dependence of the birefringence of the entanglement 
networks indicated that the radiation pressure induced the birefringence. The fre- 
quency dependence of the birefringence resulted from the translational velocity dif- 
ference between the entanglement networks and the solvent. With increasing ultra- 
sonic frequency, the translational motion of entanglement networks with respect to 
solvent became more hindered. As the radiation pressure on the rod-like micelles 
increased with the translational velocity difference, the birefringence increased with 
the ultrasonic frequency. 

No theory has been proposed yet which can explain the damped oscillation be- 
havior of transient ultrasonically induced birefringence of the rod-like micelles. The 
viscoelastic properties [50-53] of the entanglement networks of CD AO and the mix- 
tures composed of CTAB and NaSal have been described by the Maxwell model 
which has only one stress relaxation time, Ts, and the entanglement networks are 
regarded as elastic body with plateau modulus. Go, at frequencies much higher than 
l/fs- The shear stress on the entanglement networks of the mixtures of CTAB and 
NaSal exhibited the damped oscillation according as the start of shear flows of high 
rate above 0.24 s‘^ [54]. We considered the ultrasonically induced birefringence of 
rod-like micelles as follows. The entanglement networks suffer the stress due to the 
radiation pressure of the ultrasonic wave and shrink in the direction of sound propa- 
gation with damped elastic oscillation. In the shrunk of entanglement network, the 
major axis of the rod-like micelles is elongated and orientated perpendicularly to the 
direction of the ultrasonic wave propagation. After the cessation of ultrasonic fields, 
the entanglement networks relax from a shrunk state with damped elastic oscillation. 
Since the fact that Gq of the entanglement networks was approximately proportional 
to the square of the concentration of surfactant molecules is essentially equal to that 
observed in entangling polymer systems. Using simple model of the damped oscil- 
lation, period T, is inversely proportional to the square root of Go- We have meas- 
ured the birefringence and the complex shear modulus in the aqueous solutions of 
CTAB and NaSal [12]. Figure 9 shows the plot of the period T against Go. The solid 
line in the figure indicates the slope -1/2 and the data almost follow the slope. This 
indicates that the damped oscillation of the ultrasonically induced birefringence ob- 
served in entangled micelles can be described by the above discussion. 
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Figure 9. Plot of the period of the damped oscillation against plateau shear modulus Gq for 
aqueous solutions of CTAB-NaSal. CTAB concentration id 20mM. ((■):with different tem- 
peratures at molar ratio of 0.6 ). (□): with different molar ratio of NaSal to CTAB at 25°C), 
(•) lOmM CTAB at molar ratio of 0.9, (A) CDAO lOOmM. 



5. ULTRASONICALLY INDUCED BIREFRINGENCE IN POLY- 
MER SOLUTIONS 

5.1 INTRODUCTION 

As shown above sections, the mechanism of the ultrasonically induced birefrin- 
gence has been classified into two. The mechanism of the ultrasonic induced bire- 
fringence in polymer solutions is of strong interest since a polymer molecule is a 
long chain consisting of the small monomer unit. In 1950, Peterlin has expected that 
the ultrasonically induced birefringence should be observed in polymer solutions 
and proposed a theory for the birefringence [1,55]. The theory predicted that the 
birefringence is proportional to the square root of the ultrasonic intensity. 

In 1964, Jerrard measured first the ultrasonically induced birefringence of poly- 
styrene (PS)-toluene and polyisobutylene (PIB)-cyclohexane solution as a function 
of ultrasonic intensity and frequency (1-5 MHz). He has reported that ultrasonically 
induced birefringence of polymer solutions is proportional to the square root of the 
ultrasonic intensity. The results were in agreement with Peterlin’ s theory. 

Recently we observed that not only the root mean square of the birefringence 
A/7rms by the “non-biased” technique but also the stationary birefringence A/?st by 
“biased” technique in PS-toluene solutio ns [2 0], The former was proportional to the 
square root of the ultrasonic intensity, yffV^ but the latter was proportional to 
The mechanism of the ultrasonically induced birefringence should be investigated 
more in details. In this section, we show our recent result for polymer solutions. 

5.2 ULTRASONIC INTENSITY DEPENDENCE OF BIREFRINGENCE IN 
POLYMER SOLUTIONS [20-24] 

Peterlin considered that polymer solutions will behave more as liquids than col- 
loidal solutions, because of the flexibility of the polymer chain being permeable 
spheres in which the solvent was partially in immobilized [1 ,55]. The optical behav- 
ior was calculated by finding an expression for the mean polarizabilities in two di- 
rections and the method of Langevin was used to connect the anisotropy of the po- 
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larizability with the birefringence. He obtained the following expression for ultra- 
sonically induced birefringence of polymer solutions. 






rms 










m 



(27) 



where a\ and aj are polarizabilities along and perpendicular to bond axis, re- 
spectively, Nq is the number of molecules per unit volume and the relaxation time r 
is a function of both rotational and internal diffusion constant and co is the angular 
frequency of ultrasonic wave. His theory predicted the birefringence is proportional 

Recently we measured the ultrasonically induced birefringence of PS-toluene so- 
lutions using not only the non-biased measurement which was used in Jerrard’s ex- 
periment but also the biased measurement [20]. Figure 10 shows the ultrasonic in- 
tensity dependence of A«rms and A«st- As shown in Figure 10, Awmis was proportional 
to the square the root of the ultrasonic intensity, but A«st are proportional to the ul- 
trasonic intensity. The experimental results showed that Awn^ was proportional to 
the square root of the ultrasonic intensity were in agreement with those obtained by 
Jerrard for PS-toluene solutions. 




Figure 10. Ultrasonic intensity dependence of the root mean square birefringence Awnns and 
the stationary birefringence Awst ia toluene solution of polystyrene (10wt%, 25MHz, 
25°C) [20]. The solid and dashed lines indicate the slopes of 1 and 0.5, respectively. 

In polymer solutions, the normal stress difference can be observed and it is well 
known the normal stress difference is a typical non-linear effect and it can be de- 
fected by flow birefringence measurement [56,57]. The theory of flow birefringence 
in polymer solutions can be extended to the ultrasonically induced birefringence. 
Although details are given elsewhere [24], we describe its derivation here briefly. 

The birefringence caused by the longitudinal deformation is written as, 

An = c(aJ (28) 

where C is the stress optical coefficient. Using the Lodge’s phenomenological 
equations [56-58], the response of stress difference is given as. 
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(29) 



where Bap{t, f) is the Finger strain tensor [56-58] at time t referred to the state 
time /'and G(t) is a shear relaxation modulus. The Finger strain tensor for longitudi- 
nal deformation is written as, 






0 
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( 30 ) 



where A(/, /') is a expansion factor in the jc direction and is related to the Hencky 
strain [56,57], £*(/, /') as /')= exp(£*(/, /')). Under the condition of the steady 
oscillatory strain, when the exponential factor is expanded to the second order, the 
stress difference is written as, 

^xx ~^yy = 2£Q{G'{co)coscot - G''{co)sino)t)+ 

+ 2s/ {G'{o))+{G'{o})- G'{ 2co)/2)cos{2(ot)- {G'{a>)-G"{2a))/2)sm{2cot)} 

( 31 ) 

where G'(co) and G"(^) are the storage and the loss moduli, respectively. 

Substituting Eq. (31) to Eq. (29), the expression for ultrasonically induced bire- 
fringence can be obtained. The explicit formula of A«nm is complicated because of 
the coupling of the linear and non-linear term, but is simplified when the non-linear 
contribution is small as, 

= CyjwJipc/) . ylGicf+Gieof ( 32 ) 



In the calculation, the relatio n of the roo t mean square of the strain to the ultra- 
sonic intensity, £Vms = ^ == V / (pco^) > is used. The stationary birefringence 
Awst is easily derived since the oscillatory terms are omitted: 

An,^c[wj{pc/)]-G'ia>) ( 33 ) 

It should be pointed out that the stationary birefringence is proportional to the ul- 
trasonic intensity and it is related to the storage modulus 

In the microscopic theory of viscoelasticity of Rouse-Zimm, the storage and the 
loss moduli are respectively written as [58], 



Gia,)=N,kJ-Z-^^, G"{co)=N,k,T'£-^^ 

P^\\ + [cOTp) T^i\ + [cOTp) 



( 34 ) 



where P^ax is the maximum mode number, and Tp is the relaxation time of Pth 
normal mode. In case of the Gaussian chain, the stress optical coefficient is written 
as, 

C = 44n^ + 2j{a,-a,)/{45kJ-n) ( 35 ) 

Substituting Eqs. (34) and (35) to Eq. (32), Eq. (32) is the same form as the Pe- 
terlin’s result (Eq. (27)) if the only first normal mode is taken into account. 
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The relaxation time of the Pth mode is written in terms of the longest relaxation 
time T\ and the scaling constant related to the dimension of the polymer chain vas, 

T, = r, = [,j]K,Mnj{N^kj) (36) 

7s is the solvent viscosity, [7] is the intrinsic viscosity, is the Avogadro's 
number and K\ is first order relaxation time factor determined by theory [59]. 

We compared our experimental results with our expression mentioned above 
[21]. The results are listed in Table I. The calculated value of A«nns, which was 
proportional to in the same order of magnitude as the experimental one. 

However, the calculated result for A«st was about 10^ times smaller than that ob- 
tained by the experiments. In our expression, An^t resulted from the quadratic term 
in the Finger strain tensor in the Lodge equation. In the framework of the Lodge 
equation, the non-linearity is a result of frame invariance and the stress-strain rela- 
tion itself belongs to the linear region [56,57]. To estimate the Awst niore correctly, 
nonlinear terms of viscoelasticity and acoustic field should be taken into account. 

Table /. Comparison of the calculation with experiment for the ultrasonically induced bire- 
fringence f or PS-toluene solutions [21]. 

A«nnsW^u'‘/cm-W"-^ A«sfITu‘/cm^-W'‘ 

Experiment 3.0xl0‘^ 4.8x10'® 

Calculation 1.5x10'® 6.6x10'*^ 



In order to elucidate the detailed mechanisms of ultrasonically induced birefrin- 
gence in polymer solutions, it is very important to know the interactions between the 
segments in a chain. For the reason, it is better to measure the birefringence in 
lower concentration ranges. In our study, we focused on the experimental studies 
about the stationary birefringence because the sign of the birefringence is obtained 
and the high signal to noise ratio is realized [20], We have started the systematic 
measurement of ultrasonically induced birefringence in polymer solutions for the 
molecular structure of segment, concentration, molecular weight and frequency de- 
pendence and so on [22]. 

5.3 EFFECT OF MOLECULAR STRUCTURE AND MOLECULAR 

WEIGHT ON THE STATIONARY ULTRASONICALLY INDUCED BI- 
REFRINGENCE IN POLYMER SOLUTIONS [21-23] 

Figure 1 1 (a) shows typical traces of the transient signal of ultrasonically in- 
duced birefringence of PS -toluene, polycarbonate (PC)-chloroform and polybutadi- 
ene (PBD)-toluene solutions. The sign of the birefringence was positive for PS- 
toluene and negative for the PC-chloroform and PBD-toluene solutions. The rise 
and decay time of the trace of the signal reflects the orientational relaxation times of 
molecular motions. The rise time of the trace of the birefringence was about 4//s, 
which was almost the same as the rise time of the ultrasonic pulse. This means that 
the orientational relaxation time contributing to the birefringence is smaller than 
4//S. 

The difference in the sign of birefringence is reflected by the local configuration 
of polymer chain in the ultrasonic field. It is reasonable to consider that for the 
flexible polymer chain, the orientation of the segment units of a main chain of the 
polymer will be perpendicular to the sound propagation. The configuration of the 
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phenyl group will be essentially related to the sign of the birefringence signal. The 
difference in the sign reflects the difference in the way of bonding of the phenyl ring 
to the main chain structure as shown schematically in Figure 1 1 (b). 




/ / |iS 



dVr<0 An<0 




Figure 11. (a) Traces of the birefringence signal for PS-toluene, PC-chloroform and PBD- 
toluene solutions, (b) Schematic illustration of the local orientation of PS, PC and PBD under 
the ultrasound. 

The molecular weight dependence of the A«st’ value is shown for PS-toluene 
solutions at constant concentration of 1.28 mol dm’^ in Figure 12. At the molecular 
weight lower than 1 x 1 O'*, the birefringence increased as molecular weight increased. 
However, molecular weight dependence was not recognized when the molecular 
weight was higher than 1 x 1 O'*. 

It is well known that polymer solutions show the relaxation processes in the fre- 
quency range of MHz which have been observed by ultrasonic relaxation [60,61] 
and dielectric dispersion spectroscopy [60]. These relaxation processes arise from 
the local segmental motions and the relaxation time does not depend on the molecu- 
lar weight of the polymer chain in solutions in the region of molecular weight above 
10^ to 10'*. In PS-toluene solutions, no molecular weight dependence of the ultra- 
sonic relaxation spectra was observed above 1x10'* [60,61]. This critical molecular 
weight of the ultrasonic relaxation was the same as that of the ultrasonically induced 
birefringence. This suggests that the Awjt is mainly related to the local orientational 
segmental motions in polymer solutions. 

In order to confirm the local segmental model for A«st of polymer solutions, we 
define the intrinsic values of the stationary ultrasonic birefringence and compared 
A«st with the segmental anisotropy in polarizability, Ao^. Since extrapolated values 
of A«stTFu’* / C took finite ones, we defined the intrinsic value of A«st as follows, 

[A«,-PF„-'l=UmA«,.fF„-7c (37) 

The segmental anisotropy in polarizability, Aoj, was estimated from the flow, 
magnetic and electric birefringence [62-64]. To compare the birefringence with the 
anisotropy in polarizability on the basis of the segment unit, the intrinsic values of 
the birefringence multiplied by the number of monomer unit in a segment, 
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[Awst'^u was calculated. The value of was estimated from the molecular 
weight of monomer unit, Mq and the molecular weight of a segment, Ms, which was 
determined by limiting rigidity of the Rouse mode obtained by the viscoelastic 
measurements at high frequencies [65,66]. Figure 13 shows the plots the intrinsic 
values of the stationary birefringence per a segment against the segmental anisotropy 
in polarizability. The linear relationship is obtained. This means that the stationary 
ultrasonically induced birefringence of polymer solutions is related to the segmental 
anisotropy in polarizability of polymer chains. 




Figure 12. Molecular weight dependence of A«st '^u * for PS-toluene solution at the concen- 
tration of 1 .28 mol dm'^. 

The segmental anisotropy in polarizability, AOs, is related to the monomer ani- 
sotropy in polarizability, AOm» as, 

Aa, = ZAa„ (38) 

where Z is the parameter which reflect the stiffness of the polymer chain, the re- 
stricted rotation and the steric effects between monomer units [67]. In aqueous solu- 
tions of polyelectrolyte, we can change the stiffness of polymer chain drastically 
with addition of the salt. We measured the ultrasonically induced birefringence in 
aqueous solutions of sodium polystyrenesulfonate (NaPSS) and tetramethyl- 
ammonium polystyrenesulfonate (TMAPSS) with addition of the salt [22]. The bi- 
refringence deceased with ionic strength. It is well known that the decrease of the 
persistence length with addition of the salts decreases the viscosity of aqueous solu- 
tions of polyelectrolyte. Since the persistence length is directly correlated to the 
chain stiffness, the segmental anisotropy in polarizability decreases with the addition 
of salt. Therefore the decrease of the Awst'^u ^ values with addition of the salt is 
caused by the decrease in the stiffness. The Awst’^u ^ values of NaPSS and 
TMAPSS solutions approached that of PS-toluene solution at the same molarity at 
higher ionic strength. This result is quite reasonable because the polyelectrolyte 
behaves flexible polymer in the presence of excess salt and the fact also supports our 
assumption that the stationary birefringence of polymer solutions is directly related 
to the segmental anisotropy in polarizability of polymer chains. 
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Figure 13. Plots of the intrinsic value of the stationary ultrasonically induced birefringence 
per a segment against segmental anisotropy in polarizability.. 

5.4 FREQUENCY DEPENDENCE OF THE STATIONARY BIREFRIN- 
GENCE IN POLYMER SOLUTIONS [22,23] 

Frequency dependence of the Awst’^u ^ lor PS-toluene solutions is shown in Fig- 
ure 14. For all solutions, the Awst'^u ' value decreases with increasing frequency 
likely to “relaxation phenomena” in the frequency range investigated. The differ- 
ence in A«st'ITu'^ values between at lower and higher frequency region increased 
with increasing the molecular weight. For PC-chloroform and PBD-toluene solu- 
tions, the Awst'll^u ^ values also decreased with increasing frequency[22]. 

For the root mean square of birefringence. A«rms, in polymer s olution s. Jerrard 
observed that it was proportional to ^nd the value of A«nns'V^u’^ increased 
with increasing frequency in the frequency range from 1 to 5MHz [2]. It can then be 
concluded that the sinusoidal birefringence, i.e. the linear birefringence, in polymer 
solutions is caused by the sinusoidal velocity gradient generated by the ultrasound. 

For colloidal solutions, the stationary birefringence increased with increasing 
frequency of the ultrasound as shown in the section 4. Since the velocity difference 
between the fluid and particles increases with an increase in frequency in a non-ideal 
fluid, the Awst'^u ^ values increased with frequency. 

In subsection 5.2, we derived the expression of the stationary birefringence. 
However, the estimated value for the PS-toluene solution was 10^ times smaller than 
the experimental value. In addition, the predicted frequency dependence indicated 
by Eqs.(33) and (34) was not consistent with the experimental results. 

Frequency dependence of the stationary birefringence in polymer solution can- 
not be explained by the mechanism of for the ultrasonically birefringence discussed 
so far. Ultrasonic intensity used in the birefringence measurement ranged from 0.001 
to 1 W cm'^. The corresponding pressure amplitude of ultrasound estimated as from 
0.054 to 1.7 atm using values of the density and sound velocity of 10^ kg m'^ and 
1500 m s'\ respectively. Since the pressure amplitude is not so small, the lineariza- 
tion of the fluid dynamics equation is pot adequate for our situation. This suggests 
strongly that quadratic acoustic effect including the streaming will occur in solutions 
and it causes the birefringence of polymer chains in solutions. Furthermore, in 
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polymer solutions, it is considered that many nonlinear effects, arising from the cou- 
pling between local segmental motion and the solvent flow and so on, exist. To clar- 
ify the mechanism the stationary birefringence, the further theoretical treatments 
including the non-linearity of fluid dynamics and the polymer dynamics is required. 
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Figure 14. Frequency dependence of the stationary birefringence per ultrasonic intensity for 
PS-toluene solutions [22]. 

6. SUMMARY 

In this review, we showed our experimental and theoretical work on the ultra- 
sonically induced birefringence for in neat liquids, colloidal solutions and polymer 
solutions. 

In section 2, the experimental setup for ultrasonically induced birefringence was 
introduced. The feature of the “non-biased” and “biased” measurement was de- 
scribed. 

In section 3, we described the theoretical treatment of the ultrasonically induced 
birefringence in neat liquids on the basis of the framework of de Gennes treatment. 
The experimental results in isotropic phase liquid crystal were in agreement with the 
theory. 

In section 4, we reviewed the results for the ultrasonically induced birefringence 
for colloidal solutions. In this system, the radiation pressure causes the stationary 
birefringence which is proportional to the ultrasonic intensity. The modified Oka 
theory for rod-like particle could quantitatively explain the frequency dependence 
but agreement was inadequate. Transient trace of the birefringence for the entangled 
rod-like micelles showed anomalous damped oscillation. 

In section 5, our resent results for polymer solution were explored. In polymer 
solutions the both sinusoidal and stationary birefringence was observed. From the 
molecular weight and the configuration dependence studies showed the stationary 
birefringence was to be related to the local motion of the polymer segment not to the 
Rouse-Zimm mode. 

As noted in the introduction the ultrasonically induced birefringence is a one of 
the useful methods to investigate the orientational behavior and the coupling be- 
tween the translational and orientational motion of the molecules and particles in 
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liquids and solutions. However, there still exist many problems to be solved. Our 
work of the ultrasonically induced birefringence is to be continued. 
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Abstract: This chapter deals with the theories of vibrational line profiles and anomalous 

(negative) frequency non-coincidence effects in condensed media. First, a 
novel approach to the line profile analysis is described. It is based on a new, 
flexible time-correlation function (TCF), which has an analytical counterpart 
in the frequency domain. Using this function one can fit vibrational line pro- 
files obtaining dynamical information at the same time. Numerous applications 
of this TCF are considered, including analyses of both line profiles and dy- 
namics. Second, direct methods of estimation of repulsion contributions to fre- 
quency shifts and non-coincidence effects are described, and model calcula- 
tions enabling one to separate the contributions of repulsion and attraction 
forces resulting in frequency non-coincidences are presented. 



1. INTRODUCTION 

Studies of condensed matter by means of vibrational spectroscopy can be con- 
sidered on two levels. On the first level, one finds the number of lines and bands in 
infrared (IR) and Raman spectra and their degrees of polarization, and quantitatively 
estimates if IR and Raman spectra coincide. This information is sufficient for con- 
clusions regarding the geometrical structure of molecules studied, and sometimes 
allows one to make a judgement about //z/rtnnolecular interactions. The description 
of properties of molecules in terms of their vibrational transition frequencies and 
band parameters (widths, intensities, spectral moments, polarization coefficients) is 
the scope of molecular spectroscopy in its usual meaning. 

An important feature of the spectra of molecules in condensed media is their 
sensitivity to phase transformations or dissolution, showing up in essential changes 
of spectral lines and bands. Interactions between complex particles significantly 
perturb their potential functions and affect the position of vibrational levels, leading 
to vibrational spectral shifts relating to the gas-phase. In different liquids, solids and 
glasses, rotational mobility and the rate of energy exchange between molecules sig- 
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nificantly vary. In some cases, interactions cause the distortion of the probe particle 
making forbidden lines observable. Therefore on the second level of spectroscopic 
studies of condensed matter one deals with changes in vibrational transition frequen- 
cies and band parameters (frequency shifts, the appearance of forbidden lines due to 
interaction-induced phenomena, frequency non-coincidence effects, line broadening, 
etc.) caused by phase transformations or dissolution. Proper interpretation of such 
changes enabling one to draw conclusions regarding interactions of the probe parti- 
cle with its surrounding in the system studied is the scope of spectroscopy of inter- 
particle interactions. The methods of spectroscopy of interparticle interactions are 
well illuminated in several books [1-4] and numerous review articles (see, e.g., Refs 
[5-17]). 

The aim of this chapter is to put under focus recent advances in spectroscopy of 
interparticle interactions. First, the theories of vibrational line profiles in condensed 
media will be outlined, and a novel approach to the line profile analysis will be de- 
scribed. It is based on a new, flexible time-correlation function (TCF), which has an 
analytical counterpart in the frequency domain. Using this function one can fit vibra- 
tional line profiles obtaining dynamical information at the same time. Numerous 
applications of this TCF will be considered, including analyses of both line profiles 
and dynamics. 

Second, we discuss the systems with spectroscopic “anomalies” (negative, blue 
frequency shifts and, especially, negative frequency non-coincidence effects), and 
try to cast some light on the obscure problem of repulsion forces in vibrational spec- 
troscopy. Direct methods of calculation of repulsion contributions to frequency 
shifts and non-coincidence effects will be described, and a model enabling one to 
separate the contributions of repulsion and attraction forces resulting in frequency 
non-coincidences will be presented. 



2. VIBRATIONAL LINE PROFILES IN CONDENSED MEDIA: 
MODEL DESCRIPTION 

2.1 INTRODUCTORY REMARKS 

Vibrational line shape analysis is known as a standard tool for the studies of vi- 
brational and rotational relaxation of molecules in liquids: its theory is well estab- 
lished, and significant advances in the field are explicitly documented in numerous 
monographs and reviews [2-16]. Experimentally, the simplest approach to studies of 
vibrational and rotational relaxation has been proposed in the pioneering papers by 
Bartoli and Litovitz [18,19]. Collecting the Raman spectra at polarized (VV) and 
depolarized (HV) scattering geometries, one obtains isotropic and anisotropic Ra- 
man line profiles, 

i>soiy)=ivy(y)-\ivH(yl (i) 

h.,soiy)=iHviy)- ( 2 ) 

where v is the frequency measured in wavenumbers. Vibrational relaxation can 
be investigated from isotropic line profiles, and rotational relaxation from anisot- 
ropic ones. For instance, at certain limiting conditions, the characteristic times of 
vibrational relaxation tv and rotational relaxation T 2 r can be estimated as 
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(3) 

(4) 

where F, with respective indices are the full widths at half height of the isotropic 
and anisotropic spectral lines, and c is the speed of light. 

To gain a deeper insight in the dynamics of liquids, one has to pass from the fre- 
quency domain to the time domain and to examine the TCFs of vibrational and rota- 
tional relaxation, Gf( 0 and , obtainable by means of the Fourier transform of 
IR and Raman line profiles, 

Gy{t) = f2li^^{v)exp{2mcvt)dy , (5) 

G,r(0 = ^li^(y)exp(2mcvt)dvlGy(t) = G,g{t)IGy{t ) , (6) 

<^2«(0 = = G^„,Jt)IGy(t) , (7) 

where the subscript at means that the rotation studied by different meth- 

ods is described by the Legendre polynomials of the £ -th order, £=l in IR and £ =2 
in Raman, and t is the time. 

The study of how the TCF decays to equilibrium provides a useful information 
about the microscopic mechanisms of molecular interactions in the liquid in ques- 
tion. Fourier transforming line profiles one obtains information regarding the central 
part of the spectral line in the tail of the TCF, and the beginning of the TCF de- 
scribes the far wings of the spectral line. In other words, small vin the spectra corre- 
spond to great t in the TCF and vice versa\ this fact is easily seen from the inverse 
proportionality off, and r; expressed by Eqs (3) and (4). 

Eqs (5)-(7) reveal that the studies in the time domain (TCF analysis) and in the 
frequency domain (line profile analysis) are closely interrelated, and having knowl- 
edge on the TCF one can easily reproduce the corresponding line profile by means 
of Fourier transforms. There are numerous models enabling one to model vibrational 
and rotational relaxation in terms of TCFs. In turn, various mechanisms of vibra- 
tional relaxation exist, including vibrational dephasing, resonant transfer and energy 
relaxation (depopulation). 

The treatment of vibrational dephasing is the most detailed. It is one of the main 
causes of the broadening of the isotropic Raman line contour, and arises due to time- 
dependent intermolecular interactions, which change the instantaneous vibrational 
frequency Such a process of frequency modulation depends on how the 

phase memoty decays. There are three main types of modulation events, viz., Gaus- 
sian-Markovian, non-Markovian and purely discrete Markovian. They lead to vibra- 
tional profiles of significantly different form. 

2.2 EXISTING MODELS OF VIBRATIONAL RELAXATION 

2.2.1 Kubo-Rothschild theory of vibrational dephasing 

If, because of intermolecular interactions, the instantaneous frequency changes 
to a new value by small steps, may be considered a Gaussian random process 
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with zero mean. This takes place when the probe molecule is perturbed by interac- 
tions with few of its nearest neighbors, like in crystals. In such case the relaxation 
function can be written in the following way [6], 

G,(0 = ^exp(^/ = exp(- [df . (8) 

The first part of Eq. (8) is the relaxation function, the second part - its cumulant 
expansion, and GJ^i) is the TCP of frequency modulation. 

Golf) may be taken as a simple exponential, GJ^t)=t\\^{-tl where is the 
characteristic time of the frequency modulation process (perturbation correlation 
time). This means that the modulation process is considered Gaussian-Markovian, 
i.e. both Markovian (each value of the instantaneous fi-equency depends only on one 
previous frequency value, and the phase memory is short) and Gaussian at die same 
time. The use of a simple exponential in Eq. (8) yields the famous Kubo equation 
[21-23] 

-lnG,(/)/M 2 r^ =exp(-//rj-l + //r,, (9) 

where I is the vibrational second moment (pertur- 

bation dispersion). Another parameter of the process, vibrational dephasing correla- 
tion time Tv, is measured as fhe integral over G\{t). 

The limiting conditions for Gy{t) are easy to find. In one extreme, if or 
/— >0, 

= = IT^ , ( 10 ) 



where ty = and G\{f) is the Gaussian. In this “static” case, when 

modulation is slow and the environment of the probe particle could be considered 
frozen, the so-called inhomogeneous broadening occurs. The term "inhomogeneous" 
therefore means that the probe particle senses spatial inhomogeneities of the distri- 
bution of its neighbors. Eq. (10) can be Fourier transformed analytically giving the 
band shape of Gaussian form. 



7(v) = 




ln2 

y 



( 11 ) 



In Eq. (1 1) r is the h alf width at the half height; for Gaussian lines it can be de- 
termined as r = yl 7T \n2 / 2m:Ty « 0.678 / 2/icTy . 

So, if Tar^, the Kubo TCP tends to be Gaussian and predicts the Gaussian form 
of the entire vibrational line. Recalling that, as mentioned in Sec. 2.1, small / in the 
TCP correspond to great v in the spectrum, we can conclude that if is finite, the 
limiting dependence of Eq. (9) at /->0 tells about the Gaussian form of far wings of 
the spectrum. 

In another extreme, if ry,~>0 or /->oo, 

Gy{t) = e\p{-M:,Tj) = e\p{-t/Ty) , ( 12 ) 

where rr={M 2 T(^'^ and Gi{t) is exponential. In this case the so-called homogene- 
ous broadening takes place, and - due to the fast modulation - the probe particle 
does not recognize inhomogeneities of the spatial distribution of its neighbors and 
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senses it as being uniform. Fourier transforming Eq. (12) gives the Lorentzian band 
shape, 



7(v) = 



1 1 



(13) 



In Eq. (13) F is the half width at the half height of the Lorentzian profile; it is 
equal to F=(2;icTyy\ Similarly, if Tar>0, the Kubo TCP tends to be exponential and 
predicts the Lorentzian form of the entire vibrational line. If to, is finite, the limiting 
dependence of Eq. (9) at t^>oo corresponds to the Lorentzian form of the centralmost 
part of the spectrum. 

Considering now a line representing the Fourier transform of a general Kubo- 
type TCP with a finite value of one can make the following conclusions. The line 
is characterized by a Lorentzian central part and Gaussian wings. Almost the whole 
line reflects the slow process, whereas the fastest process is buried in the far wings. 
The corresponding TCP has a Gaussian initial part and an exponential tail. 

Interestingly, some authors (see, e.g.. Refs [24,25]) employ Eq. (9) for the analy- 
sis of rotational relaxation. In that case, the time during v^ich a particle moves as a 
free rotor tfr is used instead of Tir instead of tv, and hence the TCP is consid- 
ered to reflect two definitely distinct mechanisms of molecular motion: a Gaussian 
initial part corresponds to free rotation at short times, when the particle experiences 
small perturbations, and an exponential tail reflects the Debye rotational diffusion, 
which occurs when the probe molecule is entrapped into a local structure and be- 
comes influenced by its neighbors. 



2.2.2 Gaussian, Lorentzian, and intermediate line profiles 

Gaussian- and Lorentzian-type curves are quite often used for modeling real line 
profiles. The Kubo theory puts some restrictions to such kind of modeling. First of 
all, it demonstrates that Gaussian line profiles can be explained theoretically, 
whereas vibrational lines of a true Lorentzian profile, as well as TCFs of a true ex- 
ponential form should be considered nothing more than a mere abstraction. The val- 
ues of Tq, can be assigned to various particular characteristic times of processes oc- 
curring in the system studied. Usually, Ty are of the picosecond scale, s. 

One can imagine that the case may correspond to modulation caused by 

structural relaxation (molecular rearrangement) processes occurring in the nanosec- 
ond time scale, r,r'"10“^ s; such a time can be safely considered infinite in the pico- 
second time domain. On the other hand, the case can hardly be accessed. 
Modulation can never be faster than the fastest possible molecular process in the 
system. Even if modulation is caused by molecular collisions with characteristic 
times r^crlO"*^ s, such times are too long for being regarded close to zero, if com- 
pared to Ty. 

Second, the Kubo theory clarifies the well-known problem [26] arising in the 
moment analysis of vibrational lines. Any vibrational line can be characterized by 
the central moments of the spectral distribution = |v”/(v)c/v/|/(v)^/v' ; the 
second vibrational moment M 2 has already been introduced in Eq. (9). In turn, any 
TCP can be represented in terms of the central moments of the spectrum [5], 

2! 4! 



(14) 
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In Eq. (14) odd moments do not appear since they are of zero value for symmet- 
ric lines. Practice shows that the even moments of any real vibrational line are al- 
ways finite. However, the even moments of Lorentzian lines are infinite. The Kubo 
theory resolves this dichotomy stating that any Lorentzian-like line must have Gaus- 
sian wings and hence its even moments are finite. 



2.2.3 Rothshild-Perrot-Guillaume and Burshtein-Fedorenko-Pusep models 



If a stretched exponential, (t) = exp (-/ ! , where 0<a<l, is used in Eq. 

(8), one gets the following TCP 






^on\(\ + na)(2 + na) 



(15) 



It has been introduced by Rothschild, Perrot and Guillaume [27-29] and corre- 
sponds to non-Markovian modulation. Markovian approximation is now invalid: 
relaxation times are distributed in some way reflecting many independent Poisson 
relaxation pathways, and the phase memory is long. Modulation events of this type 
are characteristic for strongly interacting liquids (liquid crystals with bulky mole- 
cules and some molten salts). It should be noticed that at (x=\ Eq. (15) reduces to 
Eq. (9). 

In the theory elaborated by Burshtein, Fedorenko and Pusep [30-33], modulation 
events are purely discrete Markovian, the phase memory is completely absent, cu- 
mulant technique is no more applicable, and no TCP of the frequency modulation 
can be introduced directly. The instantaneous vibrational frequency subjects to 
changes suddenly, as in gases, and Aty caused by each collision depends on the dis- 
tance r to the probe particle and its neighbor as 

A« = /(r) = C*r-*. (16) 

Eq. (16) is crucial in this theory since it makes various types of potentials, which 
cause modulation, discernible. The k values from 3 to 12 have been probed either 
separately [31,32] or simultaneously [33]; it has been shown [33] that the exponen- 
tial (Bom-Meyer) repulsion gives the same result as Eq. (16) with k==\2 (van der 
Waals repulsion). 

In the so-called static case (no motion of particles takes place), the static TCP is 
defined in terms of Eq. (16), 

G"(0 = exp(^-4;rAA£{l-cos[/(r)-<]}rVrj , (17) 



where N is the number density of probe particles and >cb is the closest approach dis- 
tance. The transformation of the static TCP by molecular motion is expressed by an 
integral equation [31,32] 



f 

GAO = GA0^^P(-t/Tj + |g"(/ - /') exp • 

V 









(18) 



and its approximate solution [34] reads as 



k n=0 



«!(3//: + «)(3/A: + Az + 1) 



(19) 
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Eq. (19) appears quite similar to Eq. (15) describing the Rothschild-Perrot- 
Guillaume TCP. 



2.2.4 Time correlation functions and line profiles 



Combining Eqs. (15) and (19), one gets a generalized scale-invariant expression 
[16,35] covering all three mechanisms of vibrational dephasing. 



-\xyGy{t)IM,rl=\ 

k 



^ n\(3/ k + na)(3l k + na + \) 



( 20 ) 



For k=3 and a=\, Eq. (20) reduces to the Kubo equation, for k=3 and a<\ it de- 
scribes non-Markovian processes, and for k>3 and cx=\ purely discrete Markovian 
processes. 

Using Eq. (20), it is easy to demonstrate the difference between three aforemen- 
tioned types of TCFs in reduced coordinates. Fig. 1. The Kubo case is represented 
by a single curve. The fan of Rothschild-Perrot-Guillaume curves with their particu- 
lar values of a intersects the Kubo curve; we show the one with a=0.3. The devia- 
tion of Rothschild-Perrot-Guillaume TCFs from the Kubo limiting law is as follows. 
In the short-time region, the vibrational decay appears slower than the Kubo equa- 
tion predicts, and in the long-time region faster. The smaller the a value, the greater 
the deviations are. If the Burshtein-Fedorenko-Pusep formalism is valid, another fan 
of curves can be obtained, each with its particular k. These TCFs appear to decay 
faster in the short-time region and slower in the long-time region than the Kubo 
equation predicts, and the bigger the k value, the greater the deviations are. 




Figure 1. Time-correlation functions of vibrational dephasing in reduced coordinates. The 
Kubo function is shown by thick line; dashed line corresponds to the Rothschild-Perrot- 
Guillaume (RPG) curve with a=0.3; thin line represents the Burshtein-Fedorenko-Pusep 
(BFP) curve with 
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Differences in TCFs lead to very unlike line profiles (Fig. 2). It has been already 
noticed that, depending on the value of r^y, the Kubo TCF corresponds to vibrational 
lines whose profiles vary from Gaussian to Lorentzian. The Rothschild-Perrot- 
Guillaume TCF corresponds to vibrational lines of quite specific, over-Gaussian 
form. They are less sharp than Gaussian in their central part, and much faster fall to 
zero in the wings. The Burshtein, Fedorenko and Pusep TCF corresponds to over- 
Lorentzian line profiles. They are sharper than true Lorentzians in their central part, 
and broader in the wings. 




HWHH 



Figure 2. Line profiles corresponding to various time-correlation functions. Abscissa is meas- 
ured in the half width at the half-height (HWHH) units. At the line wings Burshtein- 
Fedorenko-Pusep (BFP) profiles are located higher then Lorentzian (L) profiles, and Roths- 
child-Perrot-Guillaume (RPG) profiles are situated lower than Gaussian (G) profiles. At the 
central part of the line (inset) the order of lines is opposite: RPG profiles are located higher 
than Gaussian ones (they are very close and almost merge), and BFP profiles are situated 
lower than Lorentzian ones. 



3. NOVEL APPROACH TO LINE PROFILE ANALYSIS: MODEL 
AND APPLICATIONS 

3.1 ANALYTICAL FOURIER-TRANSFORMABLE TIME-CORRELATION 
FUNCTION WITH ANALYTICAL COUNTERPART IN THE FRE- 
QUENCY DOMAIN 

As follows from the above-mentioned, the very appearance of TCFs describing 
possible causes of line broadening leaves no hope for an analytical interrelation be- 
tween TCFs and spectral line profiles. Only Gaussian and Lorentzian profiles can be 
Fourier transformed analytically. However, real band shapes never represent these 
limiting cases and must be treated numerically. 
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Furthermore, from the point of view of mathematics, there are numerous well- 
known limitations to the Fourier transforms. First and foremost, numerical Fourier 
transformation of the spectrum registered in a finite wavenumber range is the so- 
called ill-posed problem [20]. Due to this fact, several precautions are to be made in 
order to obtain physically sound results [9,21]. For example, the length t of the TCF 
obtained by means of the Fourier transform is determined by the interval A be- 
tween the discrete data points in the spectrum as r<(2cA Further, the time resolu- 
tion A/ of the TCF depends on the finite wavenumber range v of an experimental 
band contour (from the origin at Vq to Vq±\) as A/>(2c v)"\ This means that the spec- 
trum should be registered with "high density", and the far wings of the lines in ques- 
tion ought not to be missed. 

As a result, in the overwhelming majority of papers dealing with TCFs, small 
molecules in pure liquids and concentrated solutions are the subject of discussion. 
This is easy to understand: in order to perform Fourier transforms in the most reli- 
able way, the presence of a single and strong spectral line is needed. Results ob- 
tained for dilute solutions, where spectral lines are weak, and for complex molecules 
like polymers and biological systems, where spectral lines are often overlapped, are 
scarce and sometimes unreliable. 

Similar problem exists in analyses of overlap spectral lines. Usually, in some 
commercial software, these lines can be empirically fitted by sums or products of 
Gaussians or Lorentzians. In reality, when a composite line is formed by lines of 
intermediate profiles, such approach is of no physical meaning, especially in the 
light of the moment analysis of the Lorentzian fiinction to be outlined later. 

Another problem to mentioned here touches upon curve fits by sums or prod- 
ucts of Gaussians or Lorentzians, or by Voigt-type cxirves before the Fourier trans- 
formation. An idea behind such procedures is to eliminate effects arising from dis- 
cretization and the finiteness of the spectral interval (see examples in Ref [16]). 
However, the advantage of its use seems to be feigned, no matter how flexible a 
fitting function may be. Should the fitting function be mistaken in reproducing the 
limiting behavior of the TCF, a missing part of the line contour would give an un- 
controllable contribution to both A/ and t. 

In Ref [36], a novel method has been proposed enabling one to model real line 
profiles intermediate between Lorentzian and Gaussian by an analytical function, 
vAiich has an analytical counterpart in the time domain. This means that one can find 
TCFs by fits in the frequency domain, without Fourier transforms, and fit overlap- 
ping lines, obtaining dynamic parameters at the same time. 

The method is based on the model TCF written in the form 

G,(0 = exp{-[(/^ -r,]/r,}, (21) 

whose Fourier transform may be performed analytically giving the vibrational 
line profile as 

/ ( v) = 2nc exp(r, / )K^ (x)/x, (22) 

where x = r,[4;r^c^ (y , it is the peak wavenumber, «=2 if vt)=0 
and /j=l if it^O, andA[^i(x) is ^e modified Bessel function of the second kind. 

In Ref [36] I notic^ that this TCF was introduced by Egelstaff and Schofield in 
1962 [37] and used in two works [38,39] for curve fittings in the time domain. How- 
ever, preparing the manuscript of this paper and checking references I found that, to 
my surprise, Eqs (21) and (22) were first presented by Schofield at the Scottish Uni- 
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versities’ Summer School 1961 [40], together with the Kubo theory of line shapes 
and relaxation [22], and published in the same volume. Schofield aimed at establish- 
ing an analytical inter-relation between the time-correlation fimction of molecular 
motion in a liquid and the line shape in the neutron scattering spectrum. Moreover, 
in his paper [40], an expression equivalent to the Kubo equation, Eq. (9), was also 
derived and rejected due to impossibility to perform its Fourier transform analyti- 
cally! Regrettably, this profound contribution remained unnoticed up until now. 

The limiting conditions for Eq. (21) are as follows: if r, »t , it tends to 

G,(0 = exp(-i-^); (23) 

2 r,t-2 

and if r, «t , Eq. (21) tends to 

(/) = exp(-/ / T 2 ) . (24) 

This means that Eq. (21) correctly reproduces limiting conditions existing for 
Eqs (9), (15), (19) and (20). Analysis shows [36] that t\ and Ti are close to and Tv, 
respectively (Table 1). Actually, treating the values of t\ and Ti as empirical parame- 
ters, one can completely reproduce any kind of TCF described by the Kubo, Roths- 
child-Perrot-Guillaume, or Burshtein theory. 



TABLE L Parameters of Kubo functions and corresponding model functions. 



Kubo function 






Novel function 




r^/ps 


r^/ps 


M2/ps’^ 


ri/ps 


iz/ps 




2.00 


5.26 


0.105 


1.90 




2.00 


1.28 


0.622 


1.53 


EOHlHi 


2.00 


0.582 


2.213 


0.900 



TABLE 2. Influence of cut-off on the parameters of the model TCF 



Fitting 

parameters 


Spectral rdnge from/ to in cm 








-10/+10 -20/+20 -30/+30 


-40/+40 


-50/+50 


-8/+8 


Quasi-Lorentzian spectrum, fiill width at half-hight '^5.2 cm ^ 






r,/ps 


0.090 0.097 0.101 


0.104 


0.105 


0.105 


rz/ps 


1.90 1.90 1.90 


1.90 


1.90 


1.90 


Quasi-Gaussian spectrum, fiill width at half-hight ~7. 7 cm 


1 






Tl/pS 


2.277 2.215 2.214 


2.213 


2.213 


2.213 


rz/ps 


0.085 0.900 0.900 


0.900 


0.900 


0.900 



Another advantage of the novel TCF is its ability to successfully fit the spectra 
after an artificial cut-off of their high-frequency tails. It has been already mentioned 
(see also Ref [41]) that "short" spectra cannot be Fourier-transformed correctly, and 
their preferable length is to be more than 10 half-widths at half-height. As an exam- 
ple we demonstrate the fits of quasi-Gaussian and quasi-Lorentzian spectra after 
various cut-offs. As follows from Table 2, the cut-offs have practically no influence 
on the parameters of fits. This means that, unlike Fourier transform technique, direct 
fits in the frequency domain with Eq. (22) enable one to operate with "short" spec- 
tra. 

For isotropic Raman spectra the computation procedure employing Eq. (22) is as 
follows. The composite spectrum under consideration is to be fitted to a set of Eq. 
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(22) in order to find Ti and T 2 for all individual vibrational lines. After having found 
Aese values, each vibrational line is recovered, and its second moment My(2) calcu- 
lated. Then, corresponding time-correlation fonctions, Gy(tX are to be computed 
according to Eq. (21). Further, Ty values are to be found by integration of G^t). Fi- 
nally, Eqs (9), (15), (19) or (20) are to be adjusted to these time-correlation fimctions 
in order to obtain the value of Anisotropic Raman or IR spectra can be treated in 
a similar way. 

3.2 OVERVIEW OF DATA FITS 



3.2.1 Data fits in the low-frequency region 

The first data fits using Eq. (22) were directed towards the studies of the low- 
frequency Raman features of amorphous solids and liquds, namely, the so-called 
quasi-elastic scattering and Boson peaks (a brief analysis of these features can be 
found in Ref [42]), and the information on vibrational line profiles was not the pri- 
mary concern of the authors. However, even at that stage some valuable results were 
obtained. For example, it was found that in glassy polystyrene [43,44], the low- 
frequency vibrational line corresponding to the damped librations of the phenyl ring 
can be easily recovered from the overlap line, which contains contributions from the 
QE scattering and Boson peak. Even more complicated overlap lines were decom- 
posed in the case of molten and glassy mixtures of bismuth chloride with potassium 
chloride [45], and vibrational lines corresponding to BiCi;; anions were retrieved. 

Similarly, the profiles of vibrational lines showing up in the W and HV low- 
frequency j^man spectra of liquid formamide have been recovered [46]. The pa- 
rameters obtained for depolarized lines signify that their W and HV profiles per- 
fectly coincide (Table 3), thereby indicating that reorientation contribution to the 
HV component does not exist, and both W and HV components are broadened by 
the same dephasing processes. 



Parameter 


VV spectrum 


HV spectrum 




86.7 


87.0 


r,/ps 


0.0729 


0.0735 


z^/ps 


0.154 


0.155 



3.2.2 Data fits and vibrational dynamics of isotopic species in liquid CCI 4 

The Raman spectrum of liquid carbon tetrachloride in the region of the V\ (Ai) 
vibration demonstrates a remarkable isotopic structure. A successful fit of this struc- 
ture has been presented in Ref [36] as the first example of working ability of Eq. 
(22). In Ref [47], the time-correlation functions of vibrational dephasing have been 
obtained for each isotopic species present in liquid carbon tetrachloride in their natu- 
ral abundance, and vibrational dephasing and vibrational frequency modulation of 
the V\ mode of isotopic molecules have been analyzed in greater detail. 

In Fig. 3 the results of data fits are shown. The isotopic lines centered at 462.8, 
459.7, 456.7 and 453. 1 cm‘^ belong to the CClf , CClf Cl^^ , CClf Clf , CCl^^Clf 
species, respectively, three broad low-intensity side lines located at 449.9, 470.0 and 
473.5 cm ‘, probably, represent binary combinations. Numerical parameters of data 
fits summarized in Table 4 reveal that for the CCI4 isotopic molecules, the dephasing 
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times are determined mainly by the frequency factor: the lower the line frequency, 
the slower is the dephasing time. This dependence entirely outweighs the opposite 
relationship between the dephasing times and masses. The frequency modulation 
times show the same trend, \^ich contradicts to the simple collision models. 




Figure 3. Isotropic Raman spectrum of CCI4 and its fit. Thick lines: experimental data and 
residuals. Thin solid lines: isotopic components of the spectrum. Thin dashed lines: binary 
combinations. 



TABLE 4. Vibrational dephasing parameters of CCI4 isotopic molecules 



Species 


Vi / cm‘* 


r/cm' 


r,/ps 


rz/ps 


tJ ps 


Ty /ps 


M 2 / ps‘^ 


caf 


462.8 


2.18 


0.293 


4.85 


0.261 


5.04 


0.787 


CCIj’Cl” 


459.7 


2.35 


0.264 


4.50 


0.235 


4.69 


0.940 


cci“cif 


456.7 


2.41 


0.262 


4.37 


0.233 


4.56 


0.976 


cci”ci” 


453.1 


2.97 


0.236 


3.56 


0.209 


3.76 


1.34 



3.2.3 Purely discrete Markovian modulation processes in ionic melts. Possible 
inadequacy of Kubo model 

A detailed comparative analysis performed in Ref [16] reveals that the major 
cause of vibrational dephasing in molecular liquids is Gaussian-Markovian fre- 
quency modulation (short phase memory), whereas in ionic liquids, all kinds of 
modulation processes (from non-Markovian to purely discrete Markovian, from long 
to completely absent phase memory) are equally possible. In Ref [48] the novel 
approach described in previous sections has been applied to molten salts containing 
quasi-spherical complex MCU^' anions (M=Mn'^^ and Zn^^) in order to make quanti- 
tative estimates of the spectroscopically active part of the interaction potential based 
on dephasing studies. 
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t / ps 



Figure 4. Time-correlation functions of vibrational dephasing of the totally symmetric vibra- 
tion of MnCU^' (points) and their fits to Eq. (6) (lines). Inset shows the dependence of the 
r.m.s. error on k. 



It follows from Fig. 4 that the best fit of the time-correlation functions of vibra- 
tional dephasing in ionic melts containing complex halides of manganese and zinc 
can be attained at k=A in Eq. (16). This means that the frequency modulation in mol- 
ten complex chlorides at high temperatures is the purely discrete Markovian process 
governed by the ion-induced dipole attraction: 



V = 

^ I-ID 




(25) 



On the other hand, according to Fig. 4, the difference between Gaussian- 
Markovian (Kubo-type) and purely discrete Markovian (Burshtein-type) modulation 
mechanisms for ionic substances is subtle. Time-correlation functions at different k 
look very similar, and their unlikeness becomes apparent only in comparative analy- 
ses, when the RMS errors for fits performed at different k values are inspected. This 
means that applying the same approach to molecular liquids, one can foresee much 
sharper distinction between modulation mechanisms, since for non-polar vibrations 
(0///3Q=O) the /[>6 value in Eqs (16) and (20) is expected. 

Furthermore, in a long body of experimental facts collected to now, the Kubo 
approach was employed as the only way of data treatment. Again, as well seen from 
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Fig. 4, it is not so easy to distinguish between Gaussian-Markovian and purely dis- 
crete Markovian modulation schemes. This indicates that our knowledge regarding 
modulation mechanisms in liquids may be significantly model-dependent, and a 
careful re-examination of previously reported data is highly desirable. Such re- 
examination can enlarge the number of examples of purely discrete Markovian 
modulation events and clarify the question of \^y these events may happen in so 
different systems like molten salts with quasi-spherical anions [48,49] and liquid 
acetonitrile [50-52]. 

3.2.4 Dynamic criterion of instantaneous, short-lived and long-lived species in 
liquids 

In Refs [53,54], the picosecond dynamics of molten halides has been studied and 
relations have been found enabling one to discern between instantaneous, short-lived 
and long-lived species in liquids. These are based on the comparison of the minimal 
damping time of the probe oscillator set equal to the half-period of vibration 7/2, Ty, 

and r^, as well as the time between collisions Tbc' 

(1) The duration of an act resulting in the vibrational phase shift must be longer 
than (or at least equal to) the half-period of vibration of the probe oscillator, Ty>T/2. 
This means that during the Ty time, when vibrational phase is changing, the particle 
itself must be able to execute at least one vibration. 

(2) The modulation time may vary from this same half-period of vibration TH (if 
the modulation process arises due to interactions of the studied vibrator with a simi- 
lar neighboring particle) or the time between collisions tbc (if collision mechanisms 
are the motive force of dephasing or energy transfer processes) to very long times 
which - in the picosecond time domain - may be considered infinite (structural re- 
laxation, network breakdowns, etc.): r^7/2, t^Tbo 

(3 a) If vibrational dephasing and modulation processes elapse during the time 
equal to the half-period of vibration T/2, To^T/1, t^T/1, respective configurations 
should be considered instantaneous. This means that the bond energy in the configu- 
ration in question is very small, and just the first vibration disengages adjacent parti- 
cles. 

(3b) For short-lived complexes, the collision duration time rj must be sufficient 
for a probe particle to execute several vibrations. In this case, the longest of two 
characteristic times describing the phase decay cannot exceed possible duration of 
collision, which hence determines the lifetime of a complex: To^Td, Ty^td. 

(3c) To distinguish between long-lived and short-lived particles in liquids the ra- 
tio between the modulation and dephasing times and the period of vibration can be 
helpful. As follows from Table 5, for short-lived species the following relations 
hold: 0.5<tJT<2 or 0.5<Vr<2, whereas for long-lived species rJT>2 or rylT>2. 
The more stable the complex particle, the greater the rJT or XylT ratio, and for the 
’’infinitely" long-lived particle (CCI4 [47]) it reaches the value of about 70. There- 
fore the ratios between the modulation and dephasing times and the period of vibra- 
tion can serve as the dynamic criterion of long-lived particles in molecular and ionic 
liquids: rJT>2 or ry/T>2. 
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TABLE 5. Dynamics of complex species in liquids (all times in ps). 



Complex 

particle 


T/K 


772 


t^bc 


r<y 


Ty 




rJIT or 
tylT 




Instantaneous species; To^T/2 or r^«7>2 (rJTf^iO.S or Ty/T^O.5) 




CsClJ' 


623-1123 


0.10 


0.03 


0.03 


0.10 


0.25 


0.5 


MgClJ- “ 


1018 


0.08 


0.07 


0.03 


0.10 


1.3 


0.6 


CaClJ' ’ 


1073-1173 


0.10 


0.08 


0.06 


0.08 


0.8-1. 5 


0.4 




Short-lived species; or 0.5^tJT<2 or 0.5<ry/T<2 




LiCl’’ 


623-1123 


0.05 


0.026 


0.17 


0.065 


0.25 


1.7 


MgBr.'” 


1023 


0.12 


0.14 


0.46 


0.28 


1,7 


1.9 


CaBrf “ 


1043 


0.16 


0.15 


0.044 


0.19 


1.0 


0.6 






Long-lived species; To/T^2 or zylT^l 






MnCl.’ 


818-933 


0.061 


0.11 


0.12 


0.25 


b 


2.0 


ZnCI." 


873 


0.066 


0.09 


0.06 


0.31 


b 


2.3 


BiCi; 


373-573 


0.035 


- 


0.78 


0.41 


_b 


11 


ecu 


302 


0.036 


0.39 


0.26 


5.04 




70 



* Calculated using experimental data by Bunten et al. [38,39]. 
^ Lifetimes of the millisecond order of magnitude. 



3.2.5 Studies of dynamics of glass-forming liquids, confined molecules, and 
reorientation 

Of course, applications of the new time-correlation function for data fits in the 
time and frequency domain are in no way limited by those examples considered in 
this chapter. For example, vibrational dephasing and vibrational frequency modula- 
tion parameters can be used as an indicator of short-time interactions in glass- 
forming liquids. Overlap lines in glass-forming systems (AS 2 O 3 and BiCls-KCl) have 
been analyzed, and an unexpected discontinuity of the temperature dependence of 
the frequency modulation times at the glass transition temperature appears 
shorter in the glassy state than in the supercooled and liquid regime!) has been inter- 
preted in terms of cooperative dynamics [55]. 

In Ref [56] the new method is applied to the Raman spectra of molecular glass 
former salol in bulk, in a dilute CCI4 solution and in restricted geometries after con- 
fining it in nanoporous silica glasses of various pore sizes. The important finding is 
that the vibrational dynamics of the confined molecules becomes faster with de- 
creasing the pore size. An attempt is made to rationalize this effect by invoking the 
cooperativity issue related to the sluggish dynamics as the glass transition is ap- 
proached. The removal of many-body effects by trapping the molecules in less- 
crowded environments seems to be the key factor. 

The line profile analysis described in this chapter can be successfully employed 
in studies of reorientation. As an example, we have investigated a composite spec- 
trum of liquid benzene, specifically, isotropic and anisotropic profiles of the V\ (Aig, 
C-€ vibrations) and (Aig, C-H vibrations) lines, which are badly overlapped with 
neighboring lines. The profiles of all individual lines have been recovered, and the 
time-correlation functions of vibrational and rotational relaxation have been built 
and analyzed [57]. A part of these data will be discussed in next Sections, in connec- 
tion with the so-called non-coincidence effect. 
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4. FREQUENCY SHIFTS CAUSED BY REPULSION FORCES 
4.1 INTRODUCTORY REMARKS 

It has been already mentioned that interactions between particles in condensed 
media significantly affect the position of vibrational levels of molecules, leading to 
vibrational spectral shifts relative to those in the gas phase. Features of interest in- 
clude also the solvent, temperature, and pressure (density) dependencies of the line 
shifts. Spectral shifts are the most striking signature of molecular interactions; they 
attract keen interest of theoreticians since 1935, when Buchheim [58] has published 
his first treatment of this phenomenon. 

An approach employed by Buchheim can be briefly outlined as follows. For the 
molecule in a solution, in comparison with the gaseous state, the vibrational poten- 
tial energy U is written as where is the potential energy of the unper- 

turbed molecule, and V characterizes the perturbation caused by solute-solvent inter- 
actions, which is treated in terms of the sole attraction. Then U, and V are repre- 
sented by Taylor series with respect to the vibrational normal coordinate, and fre- 
quency shifts are obtained in terms of and d^'aldQ ' , the first and second 

derivatives of the dipole moment and polarizability of the particle studied with re- 
spect to the normal coordinate, ^\hich appear after proper differentiation of U. Since 
that time, the origin of red (blue) shifts is associated with the positive (negative) sign 
of dytdQ" and d'^aldQr 

The extension of Buchheim’s approach based on the use of the attractive part of 
interparticle potential has led to a plethora of very similar formulae for the calcula- 
tion of harmonic frequencies. At the end of this chapter we enumerate some of them 
[59-68], however, this list is far from being complete; the book by Bakhshiev [1] 
may serve as a detailed survey of references up to 1969. Further, a commonly ac- 
cepted conclusion has been drawn that red (blue) shifts are characteristic to weak- 
ened (strengthened) and elongated (shortened) bonds. However, such a conclusion is 
wrong [69]. For example, dissolution of HCl in CCI4 leads to the red shift and the 
decrease in the bond length, but the bond dissociation energy increases. 

This means that approaches elaborated by Buchheim and his followers fail to 
find out the right values of anharmonicity constants or to calculate changes in parti- 
cle dissociation energy accompanying the transition from the gas phase to a con- 
densed medium, and to predict the correct pressure dependencies of line frequencies. 
According to Bulanin et al. [69], the reason of these contradictions is due to neglect- 
ing repulsive forces. Really, purely attractive potentials do not satisfy the equilib- 
rium conditions since the resultant forces on atoms (or molecules and ions as well) 
in a liquid are not zero. The use of the hard-sphere repulsion does not solve the prob- 
lem because the respective potential function cannot be differentiated properly. 
Since 1976, when obvious shortcomings of simple models based on sole attractive 
forces have been put under focus [69], only one calculation scheme has been pro- 
posed [70] enabling one to explicitly take repulsion forces into account and calculate 
repulsion contributions to spectral shifts. 

Another fascinating phenomenon occurring for liquids with strong molecular in- 
teractions is splitting of non-degenerate vibrational levels showing up in the non- 
coincidence of the vibrational frequency in isotropic (m^o) and anisotropic (Vaniso) 
Raman and IR (v//?) spectra [71]. Such a non-coincidence effect closely reminds 
Davydov splitting in crystals [72] and is usually explained (see, e.g.. Refs [73-78]) 
in terms of resonance energy transfer, probably via transition dipole-transition dipole 
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interactions. In the case of Davydov-like splitting, one can expect that non- 
coincidence effects must be the most pronounced for dipole-active (polar) vibrations 
having great values of dju / dQ and therefore great intensities in IR spectra. 

As a rule, this observation is peculiar to the overwhelming major- 

ity of molecular liquids. If Viso>Vaniso, the non-coincidence effect is considered 
anomalous, though such a behavior is not formally forbidden in terms of the most 
detailed theory [76]. Interestingly, since non-coincidences depend, first of all, on 
(dfi! dQ)^ , even blue-shifted lines with dfu/ dQ<Q should demonstrate “normal” 
non-coincidences. This means that anomalous non-coincidence effects may arise due 
to repulsion forces. Anomalous non-coincidence effects are actively pursued since 
the time of their discovery [79,80]; the latest reviews of the subject can be found in 
Refs [10-17]. However, repulsion forces have never been quantitatively taken into 
account in non-coincidence effect studies. In what follows we try to fill this gap. 

4.2 INITIAL BACKGROUND 

It seems worth-while to start with a brief overview of the methods of calculation 
of spectral shifts; to do so we follow Ref [70]. We consider an anharmonic oscilla- 
tor of the potential energy 

( 26 ) 

Hereinafter we will discern between different kinds of vibrational normal coor- 
dinates. We denote the standard (mass-weighed) vibrational normal coordinate as 
[2]=g^"'^cm. Another kind of vibrational normal coordinates employed in this chap- 
ter is denoted as [^]=cm. In Eq. (26) the energy U is measured in erg, and the 
superscript i indexes the phase state of the system; the reader is reminded that usu- 
ally g,<0. 

To calculate the wavenumber of transition between, eg., the zeroth and first 
vibrational levels, the following formulae are used: 

(27) 

- 6e‘”V‘") = hcv^^ / 4D<" , (28) 

where h is the Planck constant, c is the velocity of light^^^'^ = is the 

harmonic wavenumber, is the anharmonicity constant, Q is 

the mean square vibrational amplitude, and is the bond dissociation energy. 

Below we use the superscript (o) to index the spectroscopic parameters in the 
gaseous state, and consider the values without superscripts as being valid for the 
molecule in a medium. The perturbation V caused by solute-solvent interactions can 
be written as the function of the dipole moment // and the polarizability a of the 
particle studied as 

V = , (29) 

where Lt are constants, and the last member is the repulsive term. Then Eq. (29) 
can be represented as a multipole series up to the second-order terms in Q\ respec- 
tive derivatives are denoted as In turn, are the functions of elec- 
tro-optic parameters, and c^~&a!d^\ 
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(31a) 



. /,“C * V’ + 2;,'’ jl“ +«"1. + C... + C ■ (31b) 

In Eq. (31a) the second line contains mixed second derivatives giving rise to the 
resonance effects. 

Solving the equation +V with Eqs (26), (30) and (31), after some algebra, 

yields 



+(8;r^cVr)''[F" -6g<“>Ae + 12/“'(A0^] 




= v^‘’ +(Av')i +(Av)2 + (Av)3, 


(32) 


g = +47“»Ae, 


(33) 


y=/) 


(34) 


A0 = 0 0‘“*= ^ ,1 = ^'- 

a:„ + k'‘ k . 


(35) 



AQ determined by Eq. (35) is the increment of the normal coordinate caused by 
interparticle interactions. Notice that in Eqs (32)-(35) resonance effects are ne- 
glected. 



4.3 WHY ACCOUNT FOR REPULSION FORCES IS SO SIGNIFICANT? 



It is obvious that, if repulsion forces are neglected, Eq. (32) predicts red shifts 
for the cases when djJdQ, da/dQ and &ald^ are all positive and blue 

shifts if these derivatives are all negative. Numerous useful correlations are based on 
Eq. (32), and tho|e_(j|f Kirkwood-Bauer-Magat type predicting linear dependencies 
of line shifts on are the most known. 

What do the^dblrelations tell? Forces between molecules are often classified 
into two main types: physical, bulk, long-range, or universal, and chemical, local, 
short-range, or specific. From this point of view, additive and non-directed orienta- 
tional, inductive, dispersive, or, in a broader sense, electrostatic forces, as well as 
repulsion forces are considered universal. All pairwise interactions, like complex 
formation or hydrogen bond, having specific attributes of the chemical bond (satura- 
bility and preferred direction) are considered specific. Indeed, universal interactions 
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operate in any system, both with and without specific interactions. All formulae de- 
rived in previous Section are based on the simple electrostatic approach and there- 
fore aim at the study of universal interactions. However, they can te helpful for elu- 
cidation of specific interactions being a useful tool for discriminating contributions 
caused by universal interactions fi*om contributions caused by specific ones. More- 
over, some potentials containing an orientation factor can be equally useful for stud- 
ies of both universal and specific pairwise interactions: for example, Sechkarev and 
his followers [63,68] utilized such potentials for dipolar liquids with strong molecu- 
lar interactions and molten salts. 

As far as specific forces are concerned, the principles of spectroscopy of inter- 
particle interactions, though without mentioning the works of its founders, have 
been employed in recent treatments of blue shifting hydrogen bonds. For instance, 
complexes of ethylene oxide and fluoroform demonstrate the blue shifting hydrogen 
bonds [81], and the authors suggest that this is probably due to the fact that dju/dq 
for CHF 3 is negative. The role of the negative sign of dfj/dq in this same phenome- 
non has also been emphasized in Ref [82]. 

A commonly accepted conclusion of qualitative spectroscopy of interparticle in- 
teractions states that red shifts are typical to weakened and elongated bonds, whereas 
blue shifts are characteristic to strengthened and shortened bonds. However, Bulanin 
et al. [69] have shown that such a conclusion is wrong. This statement can be easily 
proven [70] in the case of HCl molecule, whose vibrational levels are well character- 
ized both in the gas phase and in solutions (Table 6 ). 



TABLE 6. Experimental and calculated parameters of the HCl molecule in CCI4 solution 
with respect to the gas phase. Repulsion is neglected. 



Parameter 


Gas 


Solution in CCI 4 






Experimental data 


Calculations using 
Eqs (32)-(35) 


Solution of the 
“inverse” problem 


^'o 


2290 


2929 


2915.7 




XilXV^ 


1.741 


1.673 


1.786 




D/ 10 '^ erg 


8.534 


8.700 


8.111 




(Ar)i/cm'' 






-3.4 


26.0 


(Ai^z/cm"' 






-72.3 


-89.0 


(Av)3/cm'‘ 






1.4 


2.0 


C//IO’ din g''^ 






-3.742 


-4.672 


t/"/10”s-' 






-7.297 


55.34 



Experimental data clearly demonstrate that dissolution of HCl in CCI4 leads to 
the red shift and the decrease in the bond length, but the bond dissociation energy 
increases. Calculations performed in terms of Eqs (32)-(35) with experimental val- 
ues of electro-optic parameters and model interaction potentials fail to prove this 
fact. On the other hand, one can use these same equations, electro-optic parameters 
and interaction potentials for solving an “inverse” problem, viz., finding the values 
of (A v)i and li being based on the experimental values of Vg , Xi and A- Proper cal- 
culations reveal that the source of mistakes lies in the wrong sign of According 
to Ref [70], the reason of these contradictions is due to neglecting repulsive forces. 
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4.4 SPECTRAL SHIFTS CAUSED BY REPULSION FORCES 

As follows from previous Sections, the solution if the line-shift problem requires 
the differentiation of the potential with respect to the normal coordinate. If such dif- 
ferentiation of attraction potentials is obvious, similar procedure for repulsion has 
long been known a stumbling-block for spectroscopy of interparticle interactions. A 
general approach to the solution of the repulsion problem has first been given by 
Valiev [83] in terms of dSJdQp the derivatives of the i-th atom displacement with 
respect to the normal coordinate of y-th vibration. 

Following Valiev, one can write Ri^ps, the distance between the /-th atom in the 
probe particle and the >ff-th atom in the 5-th adjacent particle, as 

^i,pB ~ ^ pB ~ ~ ^B ■*" ** 5^1 

In this equation Rg is the vector connecting the centers of mass of the molecule 
of interest and molecule 5, Apg and Ai are the vectors defining the positions of P or i 
atoms with respect to the center of mass of molecule B or the particle studied, and S, 
is the vibrational displacement of the /-th atom. It is easy to understand that only the 
S/ value depends on the normal coordinate, and dRipBldQ^ dSJdQ. This formalism 
has been widely used by Valiev and his followers in the description of line broaden- 
ing in liquids [83-87]. 

The most detailed account for the role of repulsion forces in the line shift prob- 
lem has been presented in Ref [70]. Repulsion l^tween atoms has been written as 

)= ) • (37) 

Considering displacement as being linear one gets 

exp(-/f,^A,^)|^S, /rf^l (38a) 



i,PB 

Cis. = exp(-/?,,^A,^,)lc/S,. IdQ,^ 

i,PB 

urn 



(38b) 

(39a) 

(39b) 



4,^ = {n / 3)A^^^:^ (a) ^ ) fxp(-A,^^, )g(R, )R]dR, (40a) 






A^, 



I 






Eqs (38a) and (39a) correspond to pairwise interactions between the probe parti- 
cle and the 5-th adjacent particle, whereas Eqs (38b) and (39b) are the result of av- 
eraging over orientations and distances. Eq. (40b) is the result of the averaging pro- 
cedure performed using a model distribution function taken from Ref [88], p„ is the 
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number density of the probe particles (in neat liquids pn^nN/JVu, Na is the 
Avogadro number and Vm the molar volume, n=l for molecular liquids, n=a+m for 
the molten salt), and is the length of the vectors defining the positions 
of i or P atoms with respect to the center of mass of the molecule studied or mole- 
cule B. 

To solve the problem of spectral shifts caused by repulsion forces one has to use 
Eqs (38)-(40) in the following equation: 

Aw,. = . (41) 

Contributions arising due to and V^puis. have different signs, and it is a 
difficult task to find the correct sign of the overall spectral shift caused by repulsion 
forces. Table 6 reveals that in the case of HCl dissolved in CCI 4 , i^rcpuis. plays the 
major role. A rough estimate of the sign of the spectral shift caused by repulsion 
forces can be made by means of the expression, which follows from Eq. (41), 



1 + 6g^^>(4;r^c Vr^)-‘(A,^ JS, /dQ,y 



(42) 



It is positive if prevails, and negative if is smaller than the second 
member in square brackets in Eq. (41). Taking typical values of^®^— g'^^^cm' 
Vo°^=1000 cm \ A/^=3.6-10r cm\ JS, I dQj,-5-\0~^^ g' , one gets 0.2. This 
means that the model predicts A Vo repuis.fo be positive (blue), and the spectral shift 
caused by repulsion forces can be reasonably estimated by means of the approxi- 
mated formula. 



Ak 



0,repub. = . 



yii 



(43) 



A similar (qualitative) conclusion regarding the blue shifts caused by repulsion 
forces in the case of specific interactions (hydrogen bond) has been recently made in 
Ref [82]. 

Eqs (41) and (43) show the way to the correction of any calculation scheme 
merely based on attractive forces. Examples presented in Ref [70] prove this state- 
ment. The correct description of a vibrational level system was given and an exact 
value of dissociation energy of the HCl molecule in solution was obtained. Other 
applications of Eqs (41) and (43) include calculations of the repulsion contribution 
to frequency shifts in molten nitrates [16,70]. 



5. NON-COINCIDENCE EFFECTS CAUSED BY REPULSION 
FORCES 

5.1 NON-COINCIDENCE EFFECTS CAUSED BY RESONANCE ENERGY 
TRANSFER. DAVYDOV-LIKE SPLITTING IN LIQUIDS 

For liquids with strong molecular interactions, splitting of non-degenerate vibra- 
tional levels often occurs. This phenomenon manifests itself in the non-coincidence 
of the vibrational frequency in isotropic and anisotropic Raman and IR spectra; it is 
common to measure non-coincidences as l^VNc^yaniso-yiso or Avvc£=v'//f-v{ 5 o. First 
observations of the non-coincidence effect [71] have shown that Viso<yaniso^ %, and 
hence Ava)C£> 0; such observation is peculiar to the vast majority of molecular liq- 
uids. The so-called “anomalous” or negative non-coincidences have first been re- 
ported for molecular liquids in 1987 [79], in this case Viso>Vaniso, and Av^c£<0. It 
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should be mentioned, however, that a similar effect for molten nitrates has been de- 
scribed by Brooker and Papatheodorou much earlier, in 1983 [89]. A list of existing 
anomalous non-coincidences in molten salts can be foimd in Ref. [16]. 

The non-coincidence effect has been explained (see, e.g., Refs [73-78]) in terms 
of resonance energy transfer, probably via transition dipole-transition dipole interac- 
tions, by analogy with Davydov splitting in crystals. Davydov-like coupling of a pair 
of adjacent vibrators leads to in-phase (^a^, low-frequency) and antiphase (oi., high- 
frequency) components, and oh and differ from cod, the frequency of the unper- 
turbed vibrator (Fig. 5): 



DAVYDOV-LIKE 

A VanisQ- Viso>0 
AokO; resonatx^e attraction 



LAZAREV-LIKE 

A V= Vaniso- WscKO 
A6J>0; kinematic repulsion 



antiphase (aniso, IR) in-phase (iso. aniso, IR) 



A<y 


N 


antiphase (aniso, IR) 


in-phase (iso, aniso. IR) 






“1 










co^ 






ty+=iUb+A£y 




CO-=(Oo~d^CO 




J 


CO-=COq 



Figure 5. Schematic representation of energy levels for Davydov-like and Lazarev-like cou- 
pling in liquids. 



0)^ =coQ-\-^(o , (44a) 

(o_^(o^-^(o. (44b) 

As follows from the theory proposed by Doge [73], both components of a split 
mode are present in both anisotropic Raman and IR spectra of a liquid, wfrereas the 
antiphase component is inactive in the isotropic spectrum. In this case 

^iso = ^aniso^ ^0 » ^^NCE = * 

In terms of transition dipole-transition dipole interactions, the sign of A 6; is de- 
termined by (i) mutual orientation of interacting dipoles and (ii) the sign of 
(Tfjldqjdqk, the second derivative of the dipole moment with respect to the vibra- 
tional coordinates of interacting vibrators; (r/jldqjdqk ^{d/jldq-f- if adjacent vibrators 
are the same and hence y— Here we use q, the normal coordinate measured in cm; 
the values of (d/^ dq^^ are proportional to the IR intensities of the lines correspond- 
ing to they-th vibrations and measured in D/A. An exact treatment of the Davydov 
splitting in crystals leads to the expression [90,91] 



Ao? = 



McOq 






dqj 



(45) 



where Xm is the respeetive lattice sum (usually negative due to attraction) and M 
is the reduced mass of the vibrator. The Xn value is the same for vibrators of the 
same symmetry species. For negative values of Xti one gets A<y<0, and therefore the 
non-coincidence effect is normal, Av^c£>0. 
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An apparatus employed in numerous quantitative explanations of non- 
coincidences in liquids [73-78] is just as same as in the case of determining line 
shifts, Eqs. (32), (41) or (43), and only the part of the interaction potential, which 
depends on the second derivatives with respect to the vibrational coordinate, is taken 
into account. It leads to formulae more or less similar to Eq. (45); naturally, pairwise 
interactions have been considered instead of lattice sums required for solids. Almost 
all of these formulae treat positive non-coincidences, Ava^c£> 0, though it should be 
noticed that in terms of the most detailed theories, the sign of Aco is determined by 
the angle between the main axes of the scattering tensors of interacting vibrators 
[74], and negative (anomalous) non-coincidences with Avvcf^O are not formally 
forbidden [76]. 

If vibrations are dipole-inactive (forbidden in IR) and therefore have dfjJdqpO, 
other resonant energy transfer mechanisms causing ‘normal’ non-coincidence effects 
should come into play. If dispersion forces operate between adjacent molecules, 
non-coincidences are proportional to the values of daldqk (proportional to Raman 
intensities) and can be calculated as 



Aco- 



Xa 






Mk 



dqj 



(46) 



Similarly to Eq. (45), Za is usually negative due to attraction; for negative values 
of Xa one gets Aa;<0, and therefore non-coincidences are normal, A v^c£>0. 

It is easy to realize that, on the one hand, the description of non-coincidence ef- 
fects leads to the formulae, vJhich closely resemble those accounting for vibrational 
line shifts. In the other hand, methods of spectroscopy of molecular interactions give 
a cue of how non-coincidences can be gradually depleted. This can be done by 
means of dilution with a suitable inert solvent. The use of respective isotopomers as 
a solvent is especially preferable. In such case all non-resonant interactions in the 
solution remain the same as compared to the pure liquid, whereas resonant interac- 
tions are vanishing since the distance between molecules of the solute increases due 
to dilution. Isotopic dilution is therefore one of the most popular tools for studying 
non-coincidences [77,78]. 



5.2 ANOMALOUS NON-COINCIDENCES (LAZAREV SPLITTING) IN 
IONIC CRYSTALS AND MELTS 



In the studies of crystals, a purely electrostatic resonance treatment of Davydov 
splittings of internal modes has been repeatedly stated to be insufficient. In the case 
of complex anions (like S 04 ~,Mo 04 ’, WOj" , etc.) in a lattice, the splitting of non- 
polar internal vibrations has been found to be sharply sensitive to the interactions 
between atoms of neighboring anions, and anomalous non-coincidences can be as 
large as about 10 % of the unperturbed frequency of high-frequency internal modes. 
In the earliest works in the field [92,93], close agreement of experimental and calcu- 
lated splittings has been achieved if short-range forces (repulsion, in the first place) 
are taken into account. 

A considerable number of examples in which the greatest splittings are peculiar 
just for non-polar or weakly polar {dfJildqj^Q) symmetric-type motions has been 
found, analyzed and interpreted by Lazarev et al. [90,91] in terms of a new force- 
constant method, explicitly resolving the interactions originating from substantially 




216 



short-range effects. Numerous normal-coordinate calculation performed by Lazarev 
et al. are in excellent agreement with experiment. 

Lazarev has drawn a distinction between resonant and non-resonant splitting and 
shown that the latter depends on kinematic factors. Distances between the atoms of 
adjacent vibrators vary during in-phase motion and do not change when antiphase 
motion occurs (Fig. 6). 



in-phasc 



antiphase 



Figure 6. When vibrators execute in-phase motion, terminal atoms interfere each other ex- 
periencing strong repulsion; no changes in repulsion occur at antiphase motion. 

Therefore one can write 

0 )^ =o)q-\-Ao) (47a) 

o)_=o)q. (47b) 

This treatment remains valid both for atoms in direct contacts and interacting 
through intervening atoms. The splitting value depends on the second derivative of 
the interatomic potential energy with respect to the closest approach distance, first of 
all, on repulsion terms. In this case =-Ao)f2, since =o)_^=o)q +Aco 

and = (co_^ + / 2 = o)q -\-AcoI2 . As clearly seen from Fig. 5, Davydov and 

Lazarev effects are characterized by the different sign of A^y. 

It has been already mentioned that anomalous non-coincidences are peculiar for 
non-polar vibrations both in ionic crystals and in melts [16,89-93]. Naturally, dilu- 
tion experiments are difficult to perform for crystalline ionic solids. However, dilu- 
tion data available for molten salts seem to demonstrate that resonance effects in 
ionic systems are negligible [16,94,95]. In view of this fact, the non-resonant nature 
of (anomalous) non-coincidences in ionic systems seems quite probable. 

In the Lazarev approach, no general equations for non-coincidences have been 
proposed; direct computations have been preferred using model potentials of inter- 
particle interactions. Based on the model [70] described above, Kirillov [96] pro- 
posed to calculate A^y using Eq. (41): 

^co = (8;r^cVf -6g“»(4;r^cVr^)-'Cu.] • (48) 

If the influence of is neglected, 

A<» = (8;r^c^<yo)‘' Y, |^S, / dQj\ 4 ^ , (49) 

i.pB 

where ^4,- ^ is now expressed as follows 

- ^i,PB^i,pB (^)O ^i,pB^i ~ ^i,PB^PB ) , (50) 

a is the distance between the centers of masses of the adjacent particles, de- 
fines the angle between 4 and the vector connecting the centers of mass of the mole- 
cule studied and molecule B. It has been already noticed in Sec. 2.2 [see Eq. (39)] 
that F is positive; just due to this fact we have the positive value of Ao), as ex- 
pected for the anomalous (negative) non-coincidence effect. 
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Unfortunately, the correct values of and for liquids are difficult to find, 
and the use of any empirical parameters may strongly misrepresent the situation. 
Relative comparisons of non-coincidences are therefore preferable at this stage of 
our knowledge. There are two possible ways for doing so: comparison of non- 
coincidences of two vibrations of the same symmetry type of one and the same 
molecule, and comparison of non-coincidences of one vibration of one and the same 
molecule dissolved in various solvents. The first method has been applied to the V\ 
(2^, C-N stretch) and (2^, C-S stretch) vibrations of the SCN“ anion in molten 
potassium thiocyanate [96], and the second to the m (A'l) vibration of the NO '3 
anions in molten lithium and rubidium nitrates [16] showing that repulsion gives a 
valuable contribution to the overall value of the non-coincidence effect. 



5.3 RESONANCE ENERGY TRANSFER (DAVYDOV-LIKE SPLITTING) 
CAUSED BY REPULSION FORCES IN LIQUIDS 



Resonance energy transfer can arise not only in the attraction potential region. It 
can exist in the repulsive potential region causing small but distinct line broadening 
effects [84]. However, no attempts have been undertaken in order to estimate the 
role played by repulsion forces in resonance (Davydov-like) splitting in liquids. 
Such effect should be governed by the mixed derivatives of vibrational displace- 
ments of /-th atoms with respect to the vibrational coordinates of interacting vibra- 
tors, (fSildQjdQk, since adjacent vibrators are the same, (^SildQjdQk=(dSildQjf. In 
this case, Eq. (45) can be rewritten as follows: 



Ao) = ^— 



dQj) 



(51) 



In Eq. (51), the M value in the denominator does not appear since mass- weighed 
normal coordinates Qj are used. 

If pairwise interactions are taken into account explicitly, one can apply consid- 
erations similar to those employed in derivations of Eq. (49) and obtain the follow- 
ing value of Acor. 

Acj = (8;rV«„)-'XA,^|^/S,/</0,.f4,^ . (52) 



The Ai^pB can be found using Eq. (50). 

The difference between Eqs (49) and (52) is as follows. Eq. (49) gives an ap- 
proximate value of Ao) due to the neglect of the second derivative of the interaction 
potential with respect to the vibrational coordinate, F^puk.) whereas Eq. (52) oper- 
ates solely with the second derivatives and therefore gives the exact value of Aco. 
From this point of view, since is positive, the value of A^uis positive by defi- 
nition and leads to the anomalous (negative) non-coincidence effect, A Va^c£<0. 

The question can arise of how to discern between non-coincidence effects caused 
by non-resonance (Lazarev-like) and resonance (Davydov-like) effects. We believe 
that dilution studies can be of great help for this purpose. It has been already men- 
tioned that in molten salts dilution does not cause frequency shifts, and this can be 
considered as a signature of the Lazarev-like splitting caused by kinematic effects. 
On the other hand, dilution studies in numerous molecular liquids demonstrate clear 
concentration dependencies of line frequencies. This can be interpreted as a signa- 
ture of the Davydov-like (resonance transfer) effects. In the next Section, our aim 
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will be to separate non-coincidences caused by attraction and repulsion in benzene. 
To achieve this goal, we will be based on direct measurements of non-coincidences, 
dilution studies, and formulae derived in previous Sections, specifically, Eqs (46) 
and (52). 

6. SEPARATION OF NON-COINCIDENCES CAUSED BY AT- 
TRACTION AND REPULSION IN MOLECULAR LIQUIDS 

As noticed in previous Sections, straightforward calculations of repulsion contri- 
butions to spectral shifts are difficult since Bom-Mayer potentials are very sensitive 
to the choice of and A,- just due to this limitation, relative comparison is pref- 
erable. Organic molecules offer much more opportunities for such comparison than 
inorganic ions, since organic molecules quite often have two totally symmetric vi- 
brations: one of them corresponds to the motion of the carbon skeleton, and another 
to the motion of hydrogen atoms or their substituents. This is especially true for 
molecules containing aromatic and aliphatic rings. Then, hydrogen atoms in organic 
molecules can be easily substituted by deuterium, and non-coincidences observed 
for the same vibrational modes of light and heavy substances can be compared. Fur- 
thermore, electro-optic parameters of numerous organic molecules are carefully 
measured, enabling one to estimate the value of coupling arising due to attraction 
forces in the liquid studied and subtract it fi-om the value of coupling arising due to 
repulsion forces. 

Benzene can be a good example of such organic molecules. It has two totally 
symmetrical planar stretching modes of the Aig type. One of them (vi) situated at 
993 cm'^ corresponds mainly to the breathing motion of carbon atoms; another one 
(v^) located at 3063 cm’^ corresponds to the breathing motion of hydrogen atoms. In 
Fig. 7 the Raman spectra of benzene [57] are shown. These spectra are badly over- 
lapped; in order to find the individual V\ and Vi lines the method [36] has been em- 
ployed, as described in previous sections. The shape of the components of the com- 
posite lines is presented in Fig. 7 by thin lines; the peak frequencies of isotropic and 
anisotropic components of V\ and lines are listed in Table 7 demonstrating weak 
non-coincidences of different signs. Different signs of the splitting of two Aig lines 
in liquid benzene can be caused by a delicate interplay between repulsion and attrac- 
tion. 

It should be noticed that non-coincidence effects in liquids containing ring mole- 
cules, especially benzene, attract much attention of experimentalists. Isotopic dilu- 
tion studies of the isotropic component of the V\ line of benzene-h6 and benzene-d6 
performed by Meinander et al [97] reveal the (blue) shift by -0.27 and -0.59 cm*\ 
respectively. According to the measurements by Doge et al. [98], A v^ce for the m 
line of benzene-he and benzene-d6 equals to -^.28 and -0.53 cm~\ respectively, 
whereas isotopic dilution data give -0.28 and -0.53 cm“\ Kamogava and Kitagava 

[99] have found that isotopic dilution causes the red shift of the isotropic component 
of the yi line of benzene-li6 by 0.70 cm All these observations well agree with our 
data. Furthermore, as follows from papers by Doge et al. [98] and Moiresi et al. 

[100] , vibrations corresponding to the breathing motions of carbon atoms in ring 
molecules usually demonstrate small anomalous non-coincidence effects. 

Being based on the apparatus described in previous Sections, one can estimate 
the relative role of attraction and repulsion in non-coincidence effects in liquid ben- 
zene in the following way [101]. 
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Raman Shift / Wavenumbers 



Figure 7. Raman spectra of benzene in the region of V\ and V 2 vibrations. Data fits are shown 
by thin lines. 



TABLE 7. Vibrational line frequencies in liquid benzene 



Molecule and 
vibration 




^anisJ cm 


( Visa Vanisoy^^ 


Literature data 


C6H6, V\ (Aig) 


992.76±0.002 


992.50±0.03 


-0.26 (anomalous) 


-0.24 to -0.28 [98], 
-0.27 [97] 


C6f4, Vj (Aig) 
QDgjVi (Aig) 

C6D6,Vz (Aig) 


3062.40±0.005 


3063.0±0.1 


+0.60 (normal) 


+0.70 [99] 

-0.50 to -0.53 [98], 
-0.59 [97] 

+0.40 to +0.80 [99] 



Dilution studies clearly show that non-coincidences of both the V\ and Vi lines in 
benzene are caused by resonance effects, and two distinct Davydov-like mechanisms 
operate. One of them arises due to resonance attraction, and another due to reso- 
nance repulsion. 

Since the Aig vibrations of benzene are dipole-inactive (forbidden in IR) and 
therefore have other resonant energy transfer mechanisms, presumably 

due to dispersion forces between adjacent molecules, should be responsible for 
‘normar non-coincidence effects. In this case non-coincidences are proportional to 
the values of daJdqk, and can be calculated according to Eq. (46) written in the form 

(53) 

Again, the reader is reminded that in crystals, the lattice sum is considered the 
same for vibrations of the same symmetry species. Most probably, an analogue of 
the lattice sum for a liquid Ka follows this trend. 
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To estimate the role of resonance repulsion, Eq. (52) can be used in the follow- 
ing form: 

=^\dS,J dQ,^ . (54) 

i,fiB ^Ok 

In Eq. (54), for the sake of simplification, the difference in repulsion parameters 
of H, D, and C atoms is neglected, and the pairs Ahjb (Adjb) and Acjb and Ahjb 
(Ao.ib) and Acw are considered the same. 

Using Eq. (53) for non-coincidences caused by attraction forces and Eq. (54), 
which expresses non-coincidences caused by repulsion forces, one gets 

A0, = = -^{da!dQ,f +^\dS, !dQ,f . (55) 

By means of this equation one can estimate the relative role of each contribution 
to the overall splitting and give a deeper insight in the relation between repulsion 
and attraction effects. 

Atomic displacement derivatives for the V\ and vibrations of benzene can be 

calculated as t/S. I = ( 6 wy,)~^^^ , where m is the mass and Y denotes C atoms for 
Vi and H or D atoms for v^. In the literature, one can find the values of scattering 
coefficients which are equal to daldqi, the derivatives of polarisability with respect 
to the normal coordinate < 7 , measured in m. For benzene in the gaseous state, these 
values are tabulated in Ref [102]. All parameters to input in Eq. (55) are listed in 
Table 8 . 



TABLE 8. Parameters of Vi. and vj. vibrations in liquid benzene 



Molecule and 
vibration 


vb/cm‘‘ 


Mi /I O’” kg 


(daldqf/ 
10 *' m* 


(dSi/dQtfl 

10^*kg-'« 


(Aig) 


993 


3.32 


36.1 


8.35 


C6H6, V 2 (A|g) 


3063 


0.277 


50.0 


100.0 


CeDe, V\ (Ajg) 


943 


3.32 


30.5 


8.35 


C6D6, Vi (Aig) 


2303 


1.81 


24.3 


50.20 



First of all, let us perform calculations for the V\ and Vi vibrations of benzene-h^ 
using the Atydata obtained in our measurements of non-coincidences (recall that Aco 
and Avvc£ are of different signs). The following system of equations can be ob- 
tained, 

0.26 = 10.95- 10'^ +8.4M0"^A:^, 

- 0.60 = 58.93 • 10"' + 32.65 • 10“'^^, 

which can be satisfied with Ka—91.1 and A!)?= 158.5. Respective values of the at- 
traction and repulsion contributions to the shift of each vibration studied are there- 
fore as follows: 

Afi;^iH = -1.07 and =+1.33, 

Ao)^ 2 h =-5.77 and A(s;^ 2 h =+5.17. 




221 



This means that for both totally symmetric vibrations of the benzene-h^ mole- 
cule, non-coincidences are caused by a quite delicate interplay between repulsion 
and attraction forces. 

Similar considerations can be applied to the Vi vibrations of benzene-h6 and ben- 
zene-d6. As Acd for benzene-h^ we use the non-coincidence value obtained in our 
experiments, and take similar Ao?for benzene-d6 from Ref [98]: 

0.26 = 10.95 • 10“^ + 8.41 1 

0.50 = 9.742 • 10’' + 8.857 10"^ K^, 

This system can be satisfied with 128.6 and Kr=\9S.5, which are quite 
close compared to those obtained for benzene-he. Respective values of the attraction 
and repulsion contributions to the shift of each vibration studied are: 

Aey^iH =-1.41 and =+1.67, 

= -1.25 and =+1,75. 

This means that for the vibration of the benzene molecule, resonance attrac- 
tion is stronger in benzene-he, whereas resonance repulsion is more significant in 
benzene-d^. 

One can make a rough guess regarding the Ka and Kr values for the vibra- 
tion of benzene-h^ and benzene-d6. Such calculations are inexact since the value of 
Ao;=-0.4 cm"^ for benzene-d^ should be taken from the non-linear concentration 
dependence obtained in isotopic dilution studies [99]. The system of equations in 
this case, 

- 0.60 = 58.93 • 10“^ A:^ + 32.65 • lO'^AT^, 

- 0.40 = 5.829 • 1 0"' A:^ + 2. 1 80 • 1 0"' A:^ , 

can be satisfied with Ka=^\ 88.2 and A)?=3 12.3, giving 

Ao)^2h =“11.09andAty^2H =+10.49, 

A^y^ 2 D =-1.10and Afi;^ 2 d =+0.70. 

In spite of the fact that the dispersion of the Ka and Kr values is too great, the 
mean ^^—140 and Kj^226 perfectly reproduce relations existing between non- 
coincidences of two totally symmetric vibrational modes in benzene-h6 and benzene- 
de (Table 9). The calculated Aco values and experimental ones are related as 
A^,,^=(1.30±0.15)A^,^,. 

TABLE 9. Experimental and calculated non-coincidences in liquid benzene. 



Vibration 


Aco I cm'’ 
expt. 


calc. 


Acoa I cm*’ 


Ao)r / cm'’ 


QHejV'i (Aig) 


0.26 


0.43 


-1.53 


1.90 


C6H6, Vi (Aig) 


-0.60 


-0.88 


-8.25 


7.37 


C6t)6> (Aig) 


0.50 


0.64 


-1.36 


2.00 


QDe? ^2 (Aig) 


-0.40 


-0.33 


-0.82 


0.49 
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7. CONCLUSIONS 

Studies of dynamics by means of line profile analysis have a lot to offer in in- 
depth understanding of the fundamental processes occurring in liquids and amor- 
phous solids. One of the aims of this chapter is to demonstrate how an up-to-date 
treatment of a composite spectrum registered in a few minutes may help in an in- 
depth characterization of the structure and dynamics of the liquid studied. I trust that 
an approach presented here will give rise to a revival of the spectroscopic commu- 
nity’s interest on the investigations of dynamics of complex liquids and solutions by 
means of vibrational line profile analyses, and will establish Ais method as one of 
the routinous methods of the spectroscopic experiment. 

The spectroscopic investigation of molecular interactions in liquids using analy- 
sis of spectral shifts is an extremely complex problem. It is notoriously difficult to 
separate individual contributions to the spectral shift caused by different parts of the 
interparticle potential. In this chapter I tried to demonstrate that such problem could 
be solved, at least, in the case of the non-coincidence effects caused by attraction 
and repulsion. The resonance energy transfer in the repulsive potential region, by 
definition, results in the negative (anomalous) non-coincidences. On the other hand, 
the resonance energy transfer arising due to the transition dipole-dipole (and in- 
duced dipole-indued dipole) interactions causes mainly positive (normal) non- 
coincidences. Due to this fact, it appears possible to make a division of the contribu- 
tions of different signs to the overall vibrational line splitting. I hope that a method 
proposed in this chapter will be helpful in spectroscopic studies of partially ordered 
liquids demonstrating non-coincidence effects of different signs. 

It is worth mentioning as a concluding remark about recent startling advances in 
molecular dynamics simulations of time-correlation functions and vibrational spec- 
tra, especially, in the case of interaction-induced phenomena. It has been already 
noticed that an unusual line profile and time-correlation function of vibrational 
dephasing (Burshtein-Fedorenko-Pusep modulation scheme) of the V\ line in the 
vibrational spectrum of liquid acetonitrile [50,51] are reproducible in computational 
experiments [52]. At the present, the use of powerful computation facilities enables 
one to employ more realistic interaction potentials and perfectly model experimental 
time-correlation functions and vibrational line profiles (see, e.g.. Refs [103,104]). 
Successful applications of molecular dynamics simulations to the study of the non- 
coincidence effects arising in ordinary [105] and interaction-induced [106] spectra 
seem very promising for deeper understanding the role of different types of interac- 
tions in these phenomena. 
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Abstract: Techniques for the measurement of psec dynamic processes of liquids 

confined in silica-gel pores are reviewed in the context of ‘non- 
wetting’ (CS 2 , CHCI 3 ) and wetting (CH 3 CN,H 20 ) liquids. The data 
presented show how ‘physical’ (geometry driven) and ‘chemical’ (in- 
teraction driven) confinement may be distinguished, i.e., how modifi- 
cations to ‘host’ or guest chemistry may be used to elucidate the domi- 
nating thermodynamic drivers. It is shown how real time decay and 
band shape measurements, or light and neutron scattering techniques, 
can be used in a complementary fashion to provide fundamental in- 
formation of importance for a variety of industrially important proc- 
esses 



I. INTRODUCTION AND BACKGROUND 

Nanoconfmed liquids are well recognised as important ‘states’ of a fluid in a 
number of important areas of technology. These include 

(a) heterogeneous catalysis (largely in the gas phase) [1-5] using a variety of 
porous materials including clays] 6], zeolites] 1,2,5] and vesicles] 6-8 ], 

(b) gas/Hquid or gas/gas separation]9-l 1] using polymeric or composite 

membranes, 

(c) Enhanced oil recovery] 12, 13] from clay-lined porous rock, 

(d) enzyme behaviour via the protein/water nano-interface] 14, 15]. 

It is thus[16,17] of considerable interest and importance to characterise such ma- 
terials in the context of either host lattice structure or guest behaviour (or both). 
This paper presents a (very selective) review of the behaviour of nanoconfmed liq- 
uids in one class of porous material; that of nanopore tailored silica-based sol-gel 
glass[ 18-20]. Such glasses have high pore surface area (often with fractal-like inter- 
connectivity [21]) and a reasonably narrow (+10%) pore size distribution (0.5- 
lOOnm). They are usually chemically and mechanically stable and they are optically 
transparent (making them suitable for optical spectroscopic study). Such ‘host’ sur- 
faces are produced[19] according to the following scheme which includes hydrolysis 
of an alkoxide (in the presence of an acid or base catalyst) and the subsequent con- 
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densation to produce a three dimensional network with the typical parameter set 
shown. 



(a) Hydrolysis 

Si(0CH3)4 + nH20 
'alkoxide' 

(b) Condensjirion 



acid/base 



Si(OCH3)4^(OH) 



+ nCHjOH 



*Si— OH + HO— S 






heat* 






=Si — O — Si^ — +H2O 



sSi — OH + CH3O— Sis » =Si — O— Si= +CH3OH 

The result is n 3-dimensionol network 

0CH3 0CH3 

— — O — — O — — 
etc. Q _ O O etc. 



pores 



OH 



OH 



OCH3 



(60 ''C tor 50 hr. dried nt 180 ' C*; fired at 200-800 C) 



Figure 1. Schematic representation of silica glass pores (typical parameters are 40A pore size, 
5 X 10*^ pores gm*‘, 1 OH group per nm^, surface area ~450 m^gm'*). 

The guest molecules may interact (by hydrogen bonding) or not! at the silanol, 
Si-OH groups shown. The nature of the pore surface may subsequently be modified 
by methylation (a ) or ch lorination (b) under the appropriate conditions[19 ] 

(a) H Si — l(OH^ + CH 3 OH H Si - OCH 3 + HjO 

(b) H Si— |(OH)| + CCI 4 H Si - Cl + HC1+ COCI 2 

It should be noted that there exist a wide variety of tailored glass-pore materi- 
als[ 22 ], some of which have better defined pore distribution than those covered here. 
The choice made for this review was based around the available literature, in par- 
ticular on the spectroscopy of liquids confined in porous glasses. 



2. STRATEGIES AND OVERVIEW 

The principal fundamental question which has been asked by spectroscopists, is 
whether the molecules are confined by physical or chemical ‘forces.’ In the former 
case, properties are expected to be ‘geometry’ driven. In the latter case, the chemi- 
cal interactions are expected to dominate the dynamic properties. Such a distinction 
between ‘non-wetting’ and ‘wetting’ liquids has been explored using a variety of 
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techniques which measure fast dynamic processes; psec or femtosec laser spectros- 
copy[23-27], Infrared and Raman [28-31] nmr[32-34] Rayleigh scattering[34-40] 
and quasielastic neutron scattering[ 15,39,40,4 1-43]. The exploration methods used 
include, 

/ Change ^interaction ’ strength of guest molecule of a similar size (chemical 

change). 

2 Change pore size systematically (at given T) (physical change). 

3 Change T systematically for same pore size. 

4 Modify the *host lattice ' surface (-OCHs or OD or Cl). 

All these have been tried over the last 10-15 years. 

It is worthwhile reviewing, at this point, the general effect of confinement which 
have been found by these (and other) techniques. These are shown in table 1 . As 
may be seen there are profound thermodynamic, dynamic and structural effects 
many of which have now been reasonably well established, especially for small 
molecules. In the case of polymeric liquids[45], surfactants, the situation is consid- 
erably less clear. Some specific results summarised in a broad sense are given in 
table 2, from where it is clear that there are key pointers to whether (or not) interac- 
tions at the surface silanol groups is of significant importance in controlling the dy- 
namic properties. 

TABLE I. Effects of confinement 



1 Slowing up of diffusional motion on psec scale 

2 Increased micro-viscosity at interface (*super- cooling) 

3 Shifting of phase transitions (T„t, T/and Tg) 

4 Stronger interactions at interface (weaker in bulk?) 

5 Wider distribution of reorientation relaxation times 

6 Changes in ^collective* intermolecular dynamics 

7 Number density changes (n^ < ni) (excluded volume effect) 



TABLE 2. Behaviour of small molecules in silica based *sol gef glasses 



Non Wetting Liquids 
(Physics) 


Wetting Liquids 
(Chemistry) 


(CSj, CH3I, SFs, CHCI3?) 


(CH3CN, (CH3)2C0, H2O, glycols) 


(i) No evidence of specific interactions at 
surface 

(ii) Clearly a dependence of t^’or on pore 
size (physical trap) 

(iii) Two exponentials usually found (two 
T^OR times) (psec scale) t*or > t^’qr 

(iv) No significant change in intermolecular 
dynamics (short time part of dynamics) 

(v) Very little change in Ea for reorienta- 
tion 


(i) Evidence of molecular (HB) interaction (to 
Si-OH groups) 

(ii) No change of t*or as a function of ‘pore 
filling’ and size (chemical trap) 

(iii) Observation of an intermediate relaxation 
time (due to translational motion at interface?) 

(iv) Significant change in intermolecular 
dynamics (and change of ‘order’ via g 2 ) 

(v) Small change in Ea reorientation/difhision 
(-*20%) (and Ea lower for intermediate time 
process) 
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3. RESULTS AND DISCUSSION 

We present here an overview of the data obtained for selected non-wetting and 
wetting liquids (table 2). The specific aim is to illustrate the types of data on psec 
processes which are currently available and to assess the models available for inter- 
pretation. 

A Carbon disulphide 

Raman induced optical Kerr effect measurements (OKE) have been used 
[23,24,27] to assess the ‘surface’ as compared with ‘bulk’ (collective’) reorienta- 
tional relaxation times from measurements made in real time (figure 2). For the 
‘confined’ liquid, the data decay on psec scale with two relaxation times, one of 
which corresponds to the reorientational dynamics of the bulk Liquid. 




Figure 2 Representative CS 2 data obtained at 165 K in the bulk and confined in pores 24 A in 
diameter. The hindered reorientational diffusion is apparent in the data from the confined 
liquid, especially at long times. Solid lines in the experimental data, and dashed lines are fits. 
(Reproduced by permission from J.Phys.Chem. A. .101. p4007, (1997)). 




Temperature (K) 



Figures CS 2 reorientational correlation times as a function temperature. Squares are the 
correlation times in the bulk (and in bulk like liquid in the pores), and diamonds are the times 
for the surface layer in the pores. (Reproduced by permission J.Phys.Chem. A.. 101, p4007 
(1999)). 
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The data are summarised as a function of temperature in figure 3 from which the 
‘hindered’ (or slowed) motion is discemable. Furthermore, this dynamic process is 
pore-sized dependent (figure 4) emphasising the point that CS 2 is geometrically con- 
fined. This was confirmed by an analysis of the temperature dependence of the mi- 
croviscosity 




Figure 4 Surface reorientation rate of CS 2 versus pore curvature at, from bottom to top, 165, 
174, 194, 271, 254, 272, 290, 293 and 310 KL (Reproduced bypermission from J.Phys.Chem., 
B103, 6065, (1999)). 

For the ‘surface’ population, this was simply estimated from, 

Vs + (1) 

T 

assuming that the Stokes-Einstein-Debye (SED) theory is valid for both bulk and 
surface species. The two activation energies, obtained using the Arrhenius equation 
were found to be very similar. (Ea^ = 5.32 kJ mof^ and Ea^ = 6.29 kJ mof j. 

These data were further interpreted by attempting to assess the differences in hy- 
drodynamic volume expected when CS 2 is confined at a flat or curved surface. The 
scheme used is shown in figure 5. An attempt was made to demonstrate that for a 
molecule lying on the surface (in particular a curved surface), the hydrodynamic 
volume should be increased, compared with that in the ‘bulk’ - with its long axis 
perpendicular to the surface (figure 5 a). Since 

Ter = filVh/kT by (SED) (2) 

the product rjVh should increase and To/ thereby becomes slower (longer). This 
model is consistent with a confinement generated by geometric constraints with 
rather slow exchange of surface and bulk species by tumbling action. 
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Two effects of confinement on x. 




c) d) 




Figure 5 Schematic depiction of the reorientation of CS 2 molecules at a surface that is wetted 
only weakly by this liquid, (a) The reorientation of a surface molecule that is perpendicular 
to the surface is bulk-like because the hydrodynamic volume for this reorientation is equiva- 
lent to that in the bulk, (b) For a molecule that lies flat on a pore surface, to rotate off of the 
surface it must tumble end over end rather than about its centre of mass, so the hydrodynamic 
volume for this reorientation is significantly greater than in the bulk (c) A molecule at a flat 
surface is free to rotate in the plane of the surface, whereas at a curved surface (d) this motion 
is inhibited by geometric constraints. (Reproduced by permission from J.Phys.Chem., B104, 
5425 (2000)). 

B Chloroform, CHCI3 

A similar situation pertains for chloroform in similar pores (24-86A)[26]. Two 
exponentials were again sufficient to describe the OKE data and the data were 
found to be weakly pore dependent (at a given temperature), but (within the experi- 
mental error) systematic variation is unclear. This may indicate some degree of hy- 
drogen bonding to Si-OH (as for other proton acceptors with chloroform[46]). 
However, it is clear from the Bose-Einstein corrected Rayleigh wing (Figure 6) that 
there is little or no change in the intermolecular dynamics (as measured by the very 
short time part of the collective reorientational CF). This is quite different from the 
drastic alteration of the iibrationaT and other external vibrational modes of the 
‘bulk’ material for’ wetting’ liquids such as water[15]. To this extent, at least, chlo- 
roform is a ‘non-interacting’ guest molecule. Indeed, the corresponding activation 
energies for reorientation motion are AEa*’ = 7.3 kJ mol'^ and AEa^ = 8.1 kJmol’^; 
the difference being less than that for CS 2 (the molecule is more globular and less 
subject to confinement by pore curvature difference?). 

It was established, nevertheless, some years ago using Raman spectroscopy[28] 
that the (single particle) reorientational and vibrational relaxation times both show 
distinct ‘changes’ on confinement (figures 7 and 8). 

For an isolated Raman band, the correlation functions may be calculated using 

^vib (0 = “ "^^3 7f///)exp(-/ty/)fif6;/ \{lvv “ ^^3 



= dco 



(3) 



and 
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*^roi(0 = l^VH e\p(-io)t) dai/G^ihO) 



( 4 ) 



where lyy and lyn are the VV and VH polarised components of the band and Ijso 
= lyy _ Vj/fz/y is the isotropic component. For Lorenztian band shapes, the corre- 
sponding times are given by equations 5 and 6. 

=[2;zc(A«yi/2)w]-^’v,7,“' 

where AC 0 V 2 is the band half width. 



( 5 ) 

( 6 ) 




Figure 6 290-K Bose-Einstein-corrected Rayleigh- Wing spectra for chloroform in the bulk (- 
— ) and confined in 24-A pores ( — ). The reorientaitonal component has been removed from 
both spectra The resulting intermolecular spectra are identical to within the experimental 
accuracy. (Reproduced by permission from Chem.Phys., 253, p327, Copyright 2000, by per- 
mission of Elsevier Science) 

Table 3 shows that, although the rate of reorientation decreases with decreasing 
pore size (compared with the bulk), the rate of vibrational relaxation is (marginally) 
faster in the pore. This would normally be regarded as an indicator of stronger or 
different interactions (presumably at the interface) - and a wider range of molecular 
environments[47,48] compared with the bulk. So it is not clear whether or not chlo- 
roform takes part in hydrogen bonding to Si-OH groups on glass. Such interactions 
are evidently of relatively minor significance for OKE measurement. 
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Figure 7 Rotational correlation functions for chloroform obtained from the C-H band analy- 
sis. The solid line denotes the function obtained for pure liquid, and the broken line that ob- 
tained for chloroform inside silica gel of pores of 24-A diameter. The dotted line shows the 
free rotator correlation function. (Reproduced by permission from J.Phys.Chem., 94, 7460 
(1990)). 




Timt (pi(C) 



Figure 8. Vibration correlation functions for the C-H band of chloroform in the pure liquid 
(solid line) and inside pores 24 A in diameter (broken line). The dotted lines represent the best 
fits of the experimental functions to the theoretical Kubo flinction. (Reproduced by permission 
from J.Phys.Chem., 9£ 7460, (1990)). 
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TABLE 3 Rotational (trot) and Vibrational, (Xvft,,) Relaxation Times for Chloroform calculated 
fro m the Vi Bandwidth for Pure Liquid and inside Porous Glass[28]. 



Pore diame- 
ter of gel, A 


^rot, ps 




Non-treated 

gels 


gels boiled in 
methanol 


non-treated 

gels 


gels boiled in 
methanol 




4.21 








24 


2.63 


1.78 


0.89 




60 


1.4 ±0.4 


1.90 


1.05 




Neat liquid 


1.94 




1.01 





C Acetonitrile, CH3CN 

Since acetronile is well-known[49] to form hydrogen bonds to proton donors 
(via the N lone pair), it was found[25] as expected to be a ‘wetting’ liquid with no 
dependence of on pore size. What was not expected, however, was the observa- 
tion of OKE-decay functions which can only be fitted with three(3) exponentials, as 
shown in figure 9. The data for the three different relaxation times are given in table 
4. 

TABLE 4. Decay times (x) and amplitudes (A) from triexponential fits of OKE data for con- 
fined acetonitrile. All temperatures are in °K all times are in ps, and all amplitudes are rela- 
tive to a bulk amplitude of unity. The uncertainties are approximately +_2% for Xbuik, ± 5% for 
X 2 , and + 10% for X 3 [25]. 



Temperature 


^bulk 


'h 


A2 

(24 A) 


A2 

(44 A) 


^3 


Aj 

(24 A) 


A, 

(44 A) 


229 




BOH 


1.86 


0.39 






0.042 


254 




mm 


0.80 


0.22 




IslEH 


0.032 


272 


2.13 


6.00 


0.45 


OQH 


41.9 




0.022 


290 


1.66 


4.49 


0.38 


OBH 


26.0 


0.082 


0.026 


309 


1.42 


3.91 


0.29 


ElEfli 


19.0 


0.076 


0.027 


327 


1.21 


3.61 


0.28 


wsam 


16.4 


0.069 


0.023 


344 


0.99 


3.31 


0.18 


EBOI 


14.9 


0.044 


0.015 




Figure 9. Representative OKE decays for acetonitrile-d 3 at 290K obtained in the bulk liquid 
(bottom trace), confined in 44 A pores (middle trace), and confined in 24 A pores (top 
trace). (Reproduced by permission from J.Chem. Phys., U_l, 5117, (1999)). 
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In figure 10 it is demonstrated that the activation energy for the intermediate i2 
relaxation process (broken line) has a smaller activation energy than for the other 
two (bulk, xi) and surface (13) processes. 




1000/T 



Figure 10 Arrhenius plots of the acetonitrile bulk viscosity (circles) and the effective surface 
viscosity in 44 A pores (squares) and 24 A pores (inverted triangles). (Reproduced by per- 
mission from J.Chem.Phys., 111. 5117, (1999)). 



A model built around the supposed interchange of molecules between ‘bulk’ and 
‘surface’ by translational diffusion was found to be consistent with the data. 

The (collective) reorientational times obtained from OKE were also compared 
with (single particle) relaxation times obtained from NMR by Jonas et al[30,31]. 
Since the two (psec) times are related [48; pi 82] via the Kirkwood static g2 (and 
dynamic, j2) correlation factors, viz: 



.J. OKE _ J NMR 

Coll “1 ; ^ ^ SP 

Jl 



(7) 



it is possible (assuming that j2 = 1) to calculate the static orientational order. The 
values of g2 1.6 and 2.0 respectively for ‘bulk’ and surface species demonstrates an 
increased ordering of molecules at the interface. 

The interactions CH3CN H-0 Si H have been nicely confirmed; firstly by 

methylation of the Si-OH groups to remove hydrogen bonding. In that case the 
OKE, T*or values were much faster (by a factor of x4 at room temperature) and be- 
came pore-size dependent (being ~25% slower in 24 A cf 44 A pores). But, more 
directly, figure 1 1 shows that the Raman spectrum of confined CH3CN has a ‘new’ 
band at 2270 cm“‘ which is undoubtedly the v(CN) band associated with molecules 
of CH3CN interacting as shown above. Such hydrogen bonds are short lived but are 
sufficient to cause real time (fsec) spectroscopic probes to detect the polarisation 
difference caused by transient ordering at the interface. 
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2220 2240 2260 2280 2200 2320 2340 

Prequcncr 



Figure 1 1 Isotropic component of the C E N band of acetonitrile in pure liquid (solid line), 
inside the gel of pores 33 A in diameter (dotted line, and inside pores 24 A in diameter (bro- 
ken line). The peak at about 2257 cm ‘ is mainly due to the C H N stretch while the peak at 
about 2297 cm'^ is mainly due to the (V 3 + V 4 ) combination. (Reproduced by permission from 
J.Phys.Chem., 94, 7461 (1990)). 



D Water, HjO 

Water is of course the classical ‘wetting’ liquid and predictably the one studied 
most in confined spaces (although not, as far as I am aware, by OKE or other pulsed 
laser techniques). The two most important techniques are light scattering (Raman or 
Rayleigh) or quasielastic neutron scattering. 

The ability to use polarised Raman measurements to measure the integrity of the 
water HB ‘network’ (considered extensive in the bulk at RT) under different circum- 
stances was recognised by Green et al[50] and was developed by Hare and Soren- 
sen[51] and by Kitano/Maeda[52] and their groups. 
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Figure /2.(A) Polarised (VV) and depolarised (VH), OH stretching Raman intensity for water 
in the bulk (a) and confined (b) state at N/Nq = 5.9%. (B) Collective band for water in the 
bulk and confined state at different relative water percentages. (Reproduced by permission 
from Phys.Chem.Chem.Phys., 4, 2770 (2002)). 

Figure 12 shows a recent example[39] of how this technique has been used to 
demonstrate the destruction of the water network, measured by the intensity of the 
‘collective’ band (Ic) of water (at 3250 cm'^), as the pore filling was reduced (giv- 
ing an increasingly confined liquid). The process of spectral ‘stripping’ to recover 
the ‘collective’ spectral density shown in figure 12B enables[52] a calculation of the 
probability, Pj, that an OH oscillator is excluded from the tetrahedral network of HB 
water molecules because of an unfavourable interaction or orientation. 

P, - ( 8 ) 

^w(T) 

where and Cx are the collective band (relative) intensities in the bulk and con- 
fined liquid respectively (where c = Ic/Iw)- As may be seen, P^ approaches 1 for x = 
N/No values at about 6%. This is a powerful technique for monitoring the psec dy- 
namic correlations responsible for ‘breaking’ the (averaged) HB network in water. 
Kitano et al[52] give some very nice examples for water confined in polymeric net- 
works. 

Rayleigh scattering also provides a useful insight on the way in which the psec 
dynamics of liquid water are affected by confinement. Figure 13 demonstrates that 
the spectral density changes considerably for pore sizes in the 25A regime and for 
filling fractions of ~6%. In figure 13B it is clear that the VDOS dramatically 
changes with N/Nq. In order to arrive at a quantitative interpretation of the data 
shown in figure 13 A, it is necessary to use a suitable model (or models) for the re- 
laxation processes involved in forming such spectra. The model most used for con- 
fined liquids is based around the well-established Kohlrausch, Williams, Watts ex- 
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pression[53 ] for a distribution of orientational correlation times. In the time do- 
main 

= exp[-(‘/ri^^)^] (9) 

where p is a measure of the so called stretched exponential (P = 1 for Debye-like 
behaviour for a single correlation time i). 

In the frequency domain - shown in fig 13A - the corresponding function used 

was that of Havriliak-Negami[54] based on the concept of a ‘relaxing cage’ of water 
molecules with a lifetime in the psec regime, 

HN{co)= -1/^ Im[l + (icozHN^Y^ (10) 

where, again a and y are shape parameters. The functions of equations (9) and 
(10) are not exact Fourier Transforms of each other; rather they are semi-dependent 
analytical forms attempting to express the same phenomenon (i.e. the water network 
breaking process on a psec time scale driving a profound alteration in spectral distri- 
bution). The two functions are, connectable (see equation 2 of ref 39 ) but it is more 
common to calculate a mean relaxation time <x>, viz. 




(where T is the gamma function) by fitting depolarised Rayleigh spectra such as 
those in fig 13A to an expression of the form; 

Ivh(co)=[5co+ HN(co) + Vgti(co) + Vgt 2 (co)]*R(co) (12) 

Where 

6(co) is the elastic contribution 
HN(co) is given by equation 10 
R(co) is the instrument function 

and Vgtn ( n = 1,2) are Voigt functions representing the two resonances (external 
vibrational modes of the water network) found at 70 cm*^ and 180 cm"' in the low 
frequency collective reorientational spectra of liquid water (see figure 13A(a)). 
Values of the relevant parameters are shovm in table 5 from which it may be seen 
that (compared with bulk water) the reorientational correlation time approximately 
doubles and the shape parameters all sharply drop from their bulk values, reflecting 
the much greater distribution of dynamic ‘cages’ in the pore-containing material. 
Equally important is the very profound reduction in the VDOS in the 50-120 cm"' 
region (fig 13B) - caused by the virtual destruction of the bulk water network at the 
Si-OH interfaces. 
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Figure 13 .(A) Rayleigh wing spectra of water in bulk (p = 0.88 + 0.1) and <x> + 0.30 + 0.05 
ps (a) and confined (P = 0.64 + 0.1 and <x> +0.61 + 0.05 ps) (b), state together with the 
total fit and the single components. (B) Raman effective VDOS for water in the bulk and 
confined states at different hydration \QWQ\s.(Reproduced. by permission, from 
Phys.Chem.Chem.Phys., 4, p2770 (2002)) 



TABLE 5. Summary of parameters for bulk and confined water obtained from best fit to 
Rayleigh Wingr391 



Water 


Porefill 


Thn/RS 


a 


Y 


p 


<x>/ps 


Bulk 


100% 


0.31 


0.97 


0.88 


0.88 


0.3 




100% 


0.42 


0.72 


0.77 


0.62 


0.5 


Water in 


15.4% 


0.53 


0.93 


0.65 


0.66 


0.6 


Gelsil 25 


6.0% 


0.55 


0.96 


0.60 


0.64 


0.6 



Quasi elastic neutron scattering[15, 35-45] provides yet another technique for 
the detailed study of fast dynamic processes in liquids. Since the glass pores dis- 
cussed here are completely transparent to neutrons, the method provides an easily 
practicable approach; with variations, not only in energy (i.e. frequency) range and 
temperature, but also in momentum space (VQ) which allows the dynamic processes 
to be studied over different spatial ranges. Figure 14 shows typical scattering func- 
tions obtained for water in Gelsil 25A pores at 20®C and Q = 0.946A’^ (on interme- 
diate spatial range). Such data have been interpreted via two different models. 

(A) The relaxing case model of Havriliak and Negami[54 ] (equation 10). In 
this case , the scattering function was modelled by. 







243 



Ss(Q/:o) = [HN(c^fRts(c4 + bkgt4 (13) 

The resulting fit is seen in figure 14(B) and the resulting parameter set is in- 
cluded in table 6. 

(B) The confined diffusion model of Dianoux and Volino[55], equation 14. In 
this case the corresponding scattering function is, for bulk water, 



■S'j(acy) = e 






4m-_ 



1 mQ) 



n(rr{Q)f + (o^ 






;=i 



rm+Ki+m 

[rr(Q)+l{l+mf + c^ 



(14) 



where 5g are the Spherical Bessel functions, Dr the rotational diffusion coeffi- 
cient and Ft the translational width, 
and, for confined water. 



5,(2,©) = e-2'("’)/3[vf(e)^(ffl) +5(2)Z,„(2,©) + C(G)I„,(2,©)] ® i?(2,ffl) (is) 
where A(Q) is the Elastic Incoherent Scattering Factor (lESF); a form fac- 
tor for the confining volume, given by, 



A(Q) 

Qa 3 



(16) 



1=^-.'.. Q*0.94€A’^ ’°F 'x 




001 



1 3 



Neutron energy gain, hci (meV) 



Figure 14. Experimental IQENS spectra of water in bulk (A) and confined (B) state fitted by 
equation (9) (CDM), together with the single components and the total best-fit. (C) Experi- 
mental IQENS spectra of water in confined state fitted by equation (12) (RCM), together with 
the single components and the total best fit. (Reproduced by kind permission from 
Phys.Chem.Chem.Phys., 4, 2771(2002)). 
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the single components and the total best fit. (Reproduced by kind permission from 
Phys.Chem.Chem.Phys., £ 2771(2002)). 
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Figure 15. Translational Lorentzian contribution, vs Q for water in bulk (A) and confined 
(B) states. (C) EISF term for confined water as obtained by CDM; 6^ and 5p represent the 
contributions to the EISF coming from the confined water and the glass pores respectively. 
(Reproduced by permission from Phys.Chem.Chem.Phys., 4,2772 (2002)). 

The quality of fit to equation 15 for the confined state is shown in figure 14A 
and the measured EISF for the system is shown in figure 15(C). In equations 14-16, 
f(Q) is the translation width from which the translational diffusion coefficient may 
be obtained by plotting f(Q) against for small Q; viz, 

r,.(0= + (17) 

where Tq is the residence time in the confined space of ‘cage’ assuming jump dif- 
fusion. The parameter ‘a’ is a measure of confinement of the water molecules; for- 
mally the rms amplitude of water molecule in the constraining cage. A further 
measurement of such constrained motion may be made by an analysis of the plot of 
ftr against Q (figure 15(B)). The translational width is constant at low Q until a 
‘break’ point at Q* which is related to the diffusion region dimension D* by 

D' = 2TtQ*-' (18) 

(notice that a continuous variation is found for bulk water - figure 15(A)). 

Thus, two measures of the water molecule confinement are available, along with 
the residence time and the translational diffusion coefficient and the HN(co) function 
parameters for the stretched exponential decay - all of which are summarised in ta- 
ble 6. The expected changes (table 1) occur on confinement; i.e. a slowing up of the 
translational diffusion and reorientational processes and a much larger (x3) residence 
time in the ‘cage’. The ‘cage’ dimension appears to be of the order of 12-1 5 A at 
20°C in a pore of 25 A which means that a significant proportion of the water mole- 
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TAB LE 6 . Summary of the parameters for bulk and confined w ater obtained from QENS[39] 



T 




T, 


D/A 


<t>^ 


p 


Confined 

ATC 


0.7 


6.2 


6.6 


0.5 


0.62 


20°C 


1.9 


3.3 


13.9(14.3)^ 






40°C 


3.1 


2.8 


26.9 






Bulk 








0.3 


0.88 


25°C 


2.3 


1.25 


- 







the value of ‘a’ from EISF analysis (equation 16). 



The QENS data may also be employed to examine, via the H/N model, the 
degree to which confined water behaves like ‘super cooled’ water with its atten- 
dant non-hydrodynamic behaviour, reminiscent of a distribution of relaxation 
times (P <1) around a kinetic glass transition. In the model, as in MCT[56], the 
mean relaxation time is 

<T> « 

where y’ = 2 for hydrodynamic behaviour, bulk water 

and y>2 for ‘confined’ water. 

Figure 16 shows that y approaches 2 and p approaches 1 only at low Q (i.e. 
over large spatial ranges) and at higher temperatures, when hydrodynamic be- 
haviour is expected to be recovered. 




Figure 16. (x) vs Q and, in the inset, p vs. Q for confined water at T = -12°C, 20°C, 40°C. 
(Reproduced from Physica A304, p64. Copyright 2002, with permission from Elsevier Sci- 
ence). 

Finally, it is pertinent to draw attention to similar work[34,44,45] on glycols (which 
is outside the scope of this review but which is, nevertheless, important for attempts 
to separate the effects of physical confinement and Si-OH-guest (HB) interactions. 
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This is an essential requirement to achieve a better understanding of the behaviour of 
these interesting and important systems. 
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I. INTRODUCTION 

We will present the results on photoinduced redox processes in phthalocyanine 
derivatives by Resonance Raman Spectroscopy and femtosecond pump-probe ab- 
sorption measurements. 

Photochemical processes are only one of the subjects of our interest. The Labo- 
ratory of Laser Molecular Spectroscopy deals with the other topic including 

a) vibrational relaxation in liquids, glasses and crystals 

b) solvation dynamics of an excess electron 

c) vibrational relaxation in H-bonded systems 

d) correlation between vibrational dynamics and phase transitions 

e) photochemistry 

The paper will concentrate on the photochemical and photophysical properties of 
metal phthalocyanines. 

Phthalocyanines: (Figl) have a structure similar to porphyrins (Fig.2) They con- 
sists of four pyrrole units like porphyrins but one important difference between por- 
phyrins and phthalocyanines is the replacements of the bridging metine groups (with 
carbon) by the azomethine groups (with nitrogen). Additional benzene rings are at- 
tached, which are absent in natural porphyrines (for example, in the heme protein - 
important compound of our blood). 

Free phthalocyanine (without the metal inside) can be replaced by a metal 
cation. The metalophthalocyanine maintains the planarity of the molecule with the 
symmetry increase from D 2 h for free phthalocyanine to the D 4 h to metalophthalo- 
cyanine. The symmetry will drop to C 4 V for metals that do not fit inside the ring. 
Peripheral substitution at the benzo group has a tremendous influence on chemical 
and physical properties. Substitution with strongly electron donating or accepting 
groups perturbs the excited state energies and can lead to the modified redox proper- 
ties, new chemistry, and change of solubility. For example, most phthalocyanines 
are not soluble in water, but substitution with hydrophilic groups like the sulfono 
groups make them soluble in aqueous solutions. We will show the results for cop- 
per(II)phthalocyanine-3,4’,4”,4’”-tetrasulfonic anion (Fig.l) with copper inside the 
ring, and the peripheral substitution with the sulfono groups in four positions. This 
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anion is obtained from a tetrasodium salt of the tetrasulfonic acid. After dissociation 
there are four negative charges at the substituent and four free positive sodium 
charges (cations). Further through the whole the paper we will use the abbreviation 
Cu(tsPc)'^ for the structure presented in Fig.l . 




FigJ Structure of phthalocyanines, cop- Fig.2 Structure of porphyrins 

per(II)phthalocyanine-3 ,4 ’ ,4 ” , V ” -tetrasulfonic 
anion 

Why have we chosen phthalocyanines for our studies? Phthalocyanines have 
well established applications as green/blue pigments and dyes. However the page 
from an old book in Fig. 3 as well as “Les Parapluies“ by Renoir in Fig.4 could not 
have been painted with phthalocyanine. The first one could have been painted with 
Egyptian blue (3*^^^ millennium BC) while “Les Parapluies“ with lazurite (lapis 
lazuri) (known since 1828). Phthalocyanine blue (known as Winsor blue) was syn- 
thesized in 1936. 

Phthalocyanine derivatives act as catalysers in oxidaselike and catalaselike reac- 
tions. Phthalocyanines derivatives have a potential use (some of them have already 
been applied) as photodynamic reagents in cancer therapy and other medical appli- 
cations. They may overcome the major drawbacks of the porphyrine-type materials: 
skin photosensitivity, low selectivity for tumour tissue, long period of clearance 
from the body. That is why we are interested in photochemistry of these substances. 

Understanding photochemical mechanisms of phthalocyanines plays a crucial 
role in evaluation of their photodynamic activity and their potential application in 
photodynamic therapy (PDT). Answering the questions about the mechanism of 
photooxidation seems to be essential. Is it I type of photooxidation (with sentitiser 
reacting directly with another chemical entity (human tissue) by hydrogen or elec- 
tron transfer to yield transient radicals which react further with oxygen) or II type of 
photooxidation (with sentitiser excited to tripled state, which interacts with oxygen, 
most commonly by energy transfer, to produce an electronically excited singlet state 
of oxygen which can react further with the chemical entity susceptible to oxidation)? 
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Fig. 3 Fig. 4 

Futher potential uses of metal phthalocyanines are 

a) sensing elements in chemical sensors 

b) electronic display devices 

c) applications to computer read/write discs 

d) photovoltaic cell elements for energy generation 

e) new red-sensitive photocopying applications 

f) liquid crystal color display applications 

g) molecular metals and conducting polymers. 

In recent years there has been a growth in the number of laboratories exploring 
the fundamental academic aspects of phthalocyanines chemistry - their electronic 
structure, redox properties and their photocatalytic reactivities with different 
experimental methods. 



2. EXPERIMENTAL METHODS 

Here, we present the laser system that has been used for our measurements. It 
consists of the equipment for Raman scattering measurements, and for pump-probe 
femtosecond absorption measurements (Fig.5). 

2.1 RAMAN SCATTERING 

Raman scattering provides the information about vibrations like IR spectros- 
copy, but under certain conditions it also provides the information about the emis- 
sive electronic states. Raman scattering arises from the transient dipole moments 
induced in a system by the electric field of the incident electromagnetic radiation. 
The spontaneous Raman scattering is derived from inelastic light scattering which 
results from the transfer of radiative energy from an excitation beam at the fre- 
quency of coo to the internal degrees of freedom (rotational or vibrational). The fre- 
quency of the exciting radiation coq is usually chosen to be in the visible or ultravio- 
let region of the spectrum. The photons with the frequency at coo excite the mole- 
cules from the ground vibrational state to the scattering state. When the excitation 
energy is near to the energy of the electronic transition from the ground to the ex- 
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cited state the system is in near-resonance conditions and this kind of scattering is 
called Resonance Raman scattering. 




Fig. 5 Scheme of femtosecond laser system in the Laboratory of Laser Molecular 
Spectroscopy (LLMS) 

The spontaneous Raman Resonance signal intensity is enhanced due to the coupling 
of the internal degrees of freedom to the molecular transient dipole moment. Addi- 
tionally under resonance Raman conditions we can sometimes observe emission 
generated by the incident beam. Sometimes this emission creates the experimental 
problem, but very often it can be very valuable. After the excitation, the molecules 
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return to a) the same ground vibrational state (Rayleigh scattering), b) to the first 
excited vibrational state (Raman scattering, Stokes component), c) the molecule ex- 
cited from .the first excited state returns to the ground vibrational state (Raman scat- 
tering, anti-Stokes component) (Fig. 6) 
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Fig. 6 Raman scattering (Stokes component), Rayleigh scattering, Raman scattering (anti- 

Stokes component) 

Thus the resultant scattering appears over a range of energies (Fig.7) measured 
at lower energies coo-tOvib (Stokes), at coo for Rayleigh scattering and at higher ener- 
gies coo+(Ovib (anti-Stokes), where cOvib represents the vibrational frequency. 
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Fig. 7 Raman and Rayleigh scattering spectra 



2.2 PUMP-PROBE FEMTOSECOND ABSORPTION SPECTROSCOPY 

Our femtosecond system is presented in Fig. 8. The femtosecond laser is pumped 
with the cw solid state laser (ytrium vanade crystal dopped with Neodymium). Its 
second harmonic (532 nm, power 5.5 W) is used as a pumping source for the 
Ti: Sapphire femtosecond laser working in the mode-locking regime at the repetition 
rate of 82 MHz . The femtosecond laser is tunable in a very broad range but we use 
only 796nm wavelength for further amplification. The seed pulse having the energy 
of 250 nJ and the duration of 80 fs is amplified in the regenerative amplifier. The 
small part of the seed pulse is sent by the beamsplitter to the spectrum analyser in 
the frequency domain to monitor the quality of the mode-locking. The regenerative 
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amplifier is pumped by the solid state laser (Nd:YLF) working with the repetition of 
1 fflz at the pulse duration of 250 ns emits at 527 nm (second harmonic from LBO 
nonlinear crystal inside the resonance cavity). The pulse mode is achieved by Q- 
switching with an optoacustic device. After the amplification the energy of the 
pulse is 1 mJ at the repetition rate 1 kHz, and the wavelength of 796nm. The pulse 
duration is measured with the single shot autocorrelator and was found to be 96 fs. 
The pulse interacts nonlinearly with the KTP crystals (I type of phase matching) to 
generate SHG and THG. The second harmonic is used as a pump beam. The funda- 
mental beam (796 nm) passes through the delay line, the half wave plate, dichroic 
polarization analyser, lens, the sapphire plate, where the white continuum (WC) is 
generated in the broad range of 380-1000 nm and it is focused onto the flowing 
sample. The WC beam is used as a probe beam. The probe and pump beams are fo- 
cused onto the flowing sample to ensure complete replacement of the sample be- 
tween each laser shot. Care is taken to compensate for group velocity dispersion. 
The time delay for the spectra is determined by an optical delay line controlled by a 
motor-driven translational stage. The radiation from the sample enters the entrance 
slit of a 0.5 m single dispersion spectrometer (1800g/mm grating). The dispersed 
radiation is detected by a multichannel (256 x 1024) charge-coupled device detector, 
back illuminated, UV enhanced attached to the exit slit of the spectrometer. The data 
acquisition and the full computer control is provided by the software (Spectra 
Max/32). 
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Fig. 8 The laser system for femtosecond pump-probe absorption measurements. 

We measure the difference absorption signal AA=A-Aq, where Aq is the absorp- 
tion without pump pulse, A - the absorption when both pump and probe pulses ex- 
cite the sample. AA is measured as a function of a time delay between the pump and 
the probe pulses for a given wavelength (Fig.9). The difference absorption signal 
can be negative or positive and may indicate the photo bleaching, stimulated emis- 
sion or generation of the transient products that can be monitored with the femtosec- 
ond time resolution. 
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Fig. 9 The difference absorption signal as a function of the time delay (negative signal corre- 
sponds to photobleaching) 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

If we want to work in Resonance Raman conditions we have to know something 
about the electronic states (Fig. 10). Phthalocyanines have two major electronic ab- 
sorption bands, namely the B (or Soret band) band at about 350 nm in ultraviolet, 
and the Q band at 600-700 nm (visible, red). As an extensively conjugated aromatic 
chromophore the electronic transitions have tc— character. In the same energy 
range there are electronic levels of the metal centre for many metal phthalocyanines 
and redox/oxidation processes may occur between ligand and metal centre that lead 
to ligand-metal, metal-ligand charge transfers (especially the d levels for the transi- 
tion metals). For copper (II) phthalocyanine, which is a subject of this paper, the 
metal-ligand transitions are less important, especially in aqueous solutions where the 
metal-oxidized or metal-reduced species are less stable than the reduced radicals of 
the ligand. 




Fig. 10 Schematic diagram of elactronic states of phthalocyanines 

The schematic energy diagram for the Q transition for tetrasulfonated copper 
phthalocyanine is given in the next Fig.l 1. One can see that with the laser system for 
Raman and pump-probe femtosecond measurements presented in the experimental 
section we can excite nearly all interesting transitions Sq— >S i, Sq— ♦S n, Si— ►Sn, 
T,-Tn. 
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Fig.ll. Schematic Energy Diagram for the Q transition for Cu(tsPc)’^ 

In most photochemical reactions higher excited states are not involved in the re- 
action. They usually deactivate very rapidly to the lowest exciting state, which deac- 
tivates to the ground state exhibiting emission or via radiationless process (internal 
conversion) or undergoes reactions competing with the deactivation. This pattern of 
behaviour is known as a Kasha’s rule). However, there are some groups of com- 
pounds contradicting Kasha’s rule (azulene). It was suggested [1] that some porphy- 
rines undergo electron transfer in the S 2 excite state. Taking into account the similar 
structure of porphyrines and phthalocyanines it was essential to determine the life 
time of the S„ state. 

Femtosecond pump-probe measurements showed that the Sn life time is shorter 
than 500fs. We analysed the difference absorption signal AA=A-Ao, as a function of 
a time delay between the pump and the probe pulses at different wavelengths 
(Fig. 12) that was very useful to establish the mechanism of deactivation. Femtosec- 
ond pump-probe measurements showed that the Sn life time is shorter than 500fs. 




tifn© delay (fs) 



Fig. 1 2 The difference absorption signal as a function of the time delay at 384 nm for 
CuftsPc)'"^ in aqueous solution for the concentration of 10'^ mol/dm^ 
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The Figure 13 shows the Raman spectrum of the Cu(tsPc)"^ in aqueous solution 
for the concentration of 10'^ mol/dm . The similar pattern of behaviour has been 
recorded in the broad concentration range from 10’^ to lO"^ mol/dm^. The narrow 
peaks in the region 200-2000cm'^ correspond to the internal vibrations of the 
Cu(tsPc) '*, the peaks at around 3000cm * correspond to the stretching (symmetric 
and asymmetric) modes of water. In the region 4000-6000cm * we can see a very 
broad, structureless band with the maximum at 4800cm * corresponding to the emis- 
sion of unknown origin. The intensity of the emission increases with temperature 
decreasing. The emission at 4800 cm * corresponds to the wavelength of 682nm. 
Many phthalocyanines were reported to have fluorescence Si— >So for the Q transi- 
tion in this spectral region [2-3]. Can the emission at 682 nm in Fig 13 be assigned 
to Si— ►So fluorescence also in this case? At this stage it is hard to decide but we will 
show later that this emission does not come from the fluorescence but rather from 
the emission of the transient radicals generated in the photoredox dissociation. They 
live shortly at room temperatures and cannot be detected but at lower temperatures 
when the molecular motions become slower the transient species are trapped in the 
rigid environment and they can be easily detected. 
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Fig. 13 Raman spectrum of the Cu(tsPc)'^ in aqueous solution for the concentration c= 10'^ 

mol/dm\[6] 

We have found that CuCtsPc) "* dimerizes readily in aqueous solutions. We can 
see the band at 620nm for dimer and at 670nm for monomer. The dimerization equi- 
librium constant is shifted significantly towards the dimeric form and was found to 
be 8.75x10"* in aqueous solution at 294K. In contrast to aqueous solutions, Cu(tsPc) "* 
in DMSO solution exist almost entirely as monomer. 

So, it is interesting to study the photochemistry of Cu(tsPc)-4 in DMSO and 
compare with the behaviour in aquoeus solution to learn about the photochemical 
properties for the dimeric and monomeric forms. One can see from Fig. 14 that the 
broad, structureless band at 682nm is also observed in DMSO like in water with 
intensity increasing when temperature decreases. However, in contrast to the aque- 
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ous solutions we observe an additional, very intensive emission with the maximum 
at around 527nm. The emission is recorded for liquid solutions. At lower tempera- 
tures when the solutions becomes a frozen matrix-this emission disappears whereas 
the emission at 682nm begins to increase. The isobestic point is found at around 
620nm. 



Cu{lsPc>^ in DMSO c={0.01mol/dn\-3) 




Fig. 14 Raman spectrum of the Cu(tsPc)'^ in DMSO solution for the concentration c= 10'^ 

mol/dm^ [7] 

More careful inspection of the spectral features at room temperatures shows that 
in the region 4000-6000cm'^ there are two (not one) bands: at 682nm and 754nm. 
This emission disappears at lower temperatures. We assigned the band at 754nm to 
the Si— ►So fluorescence of phthalocyanine monomers. However, the region of the 
emission band at 527nm remains still unknown. What more do we know to decide 
about the origin of this emission? 

The intensity of the band at 527 nm depends strongly on the wavelength of the 
excitation (Fig. 15). The strongest intensity of the emission at 527nm is observed for 
the excitation with the wavelength of 465. 8nm. 

Some papers [4-5] based on the theoretical calculations suggest that the triplet 
Ti— ►Tn transition is expected in this region. Following many experiments with elec- 
tron and hole scavengers and various energy transfer experiments we have assigned 
the emission at 527nm to the Ti— >T„. This assignment has been supported by the 
sensitisation of oxygen triplets (Fig. 16) 

Indeed, the fluorescence has been suppressed significantly in nondeareated 
aqueous solutions when compared with degassed samples, confirming oxygen in- 
volvement in the process of deactivation of the triplet state. It indicates that II Type 
of photooxidation plays a role in Cu(tsPc) '^ leading to generation of the singlet oxy- 
gen in the excited state that is very reactive and toxic leading to the necrosis of the 
human tissue in the phothodynamic therapy. 
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Cu(lsPc)^ (c=0,01mo»/dm3)in DMSO 




Fig. 15 Resonance Raman Spectrum as a function of wavelength excitation for Cu(tsPc)*'^ in 
DMSO solution for the concentration c= 10'^ mol/dm^ [6]. 
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Fig. 16. Resonance Raman Spectrum as a function of wavelength excitation for Cu(tsPc)*^ in 
aqueous solution for the concentration c= 10'^ mol/dm^ in degassed and nondeareated sam- 
ples [6]. 

However, even in degassed samples the intensity of the fluorescence decreases 
with time. It indicates that there must exist another deactivation mechanism (or 
mechanisms) of the T„ triplet state (or the T i state) that is competitive to the Tn— >T i 
fluorescence. What mechanism? It is well known that mechanisms of quenching 
(deactivation) are very sensitive to the degree of aggregation. .It was reported [5] 
that the irradiation of phtalocyanines with the wavelengths corresponding to the 
resonance with the B transition or with shorter wavelengths induces the photoredox 
dissociation. 
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Cu{tsPc)-" —!^Cu" {tsPc'Y + Cu" {tsPc'Y ( 1 ) 

The photoredox dissociation leads to the electron transfer between the adjacent 
molecules that results in formation of ligand radical species Cu^^(tsPc)'^ and 
Cu“(tsPc)-^ (Fig. 17). 

We have shown [6] that the visible light at wavelengths with energies between 
the B and Q transitions are sufficient for inducing the redox photodissociation (1). 
This indicates that also the I type of photooxidation occurs in Cu(tsPc)'^. 

So far we presented the results in water and in DM SO solutions. However, the 
photochemistry of phtalocyanines in natural biological environment may differ sig- 
nificantly. As the photosensensitizer is distributed to the tissue through blood, we 
have studied also the photochemistry of phtalocyanines in human blood. 




Fig. 1 7 Photoredox dissociation and electron transfer between the adjacent CuCtsPc)'"* phthalo- 

cyanine molecules 

Here, we will present only one result illustrating how significantly the equilib- 
rium constant for dimeric aggregation is shifted toward monomer in human blood 
(Fig. 1 8). 

This is a vibrational mode that is most efficiently coupled with the electric tran- 
sitions in resonance Raman scattering. The peak at 1530cm‘‘ corresponds to mono- 
mer, and at 1540cm ‘- to dimer. We can see that in human blood the intensity of the 
band at 1540 cm'^ decreases significantly indicating that in the human blood there 
are much less dimers than in the aqueous solutions. This result is very promising for 
the photodynamic therapy since when the photosensitizer aggregate is excited by 
light no useful photochemistry (from the photobiological point of view) can be indi- 
cated, since the rate of deactivation by internal conversion to the ground state greatly 
exceeds that of the monomer. 

So far we presented the results for the liquid phase and the crystal state. To pro- 
vide further evidence about the photochemistry of phtalocyanines and the electron 
transfer between the adjacent molecules we want to show the results for glasses. 

It is known that distinct structure of solids matrices are generated at rapid and 
slow cooling rate. Rapid cooling usually generates the glassy matrices, while the 
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slow cooling rate leads to the generation of crystal matrices. The phases that are 
generated can be easily monitored by the low frequency Raman spectra where pho- 
non peaks signalise the existence of translationally ordered crystal structure whereas 
the absence of any phonon peaks indicates that the glassy phase has been formed. 




wavenumber (cm '*) 



Fig. 18 Resonance Raman spectrum of the internal vibration (V 4 ) for Cu(tsPc)*^ in aqueous 
solution for the concentration c= 10'^ mol/dm^ and in human blood [7] 

Is the photochemistry for crystal and glasses the same? Fig. 19 shows the Raman 
spectrum of Cu(tsPc)'^ in DMSO for the rapid cooling when the glassy structure has 
been generated [ 6 ]. 

Striking behaviour is revealed when we compare the spectrum for the glassy 
phase with the spectrum for the crystal phase at the same temperature. First, there is 
no band at 682nm for the glassy phase, in contrast to the crystal phase at 77K. Sec- 
ond, the band at 527nm that exists in liquid solutions and disappears at lower tem- 
peratures for the crystal phase, still exists in the glassy phase at 77K. It looks like the 
photochemical properties of the liquid state have been preserved in the amorphous 
glassy phase. It clearly indicates that the structure has a profound influence on the 
photochemical behaviour of Cu(tsPc) '^. The crystal structures of CuOsPc)’"^ form 
ring-stacked columns (Fig.20) close enough in space to overlap efficiently between 
the 7i-electronic clouds and as a consequence the photo induced electron transfer 
between the adjacent macromolecule rings occurs leading to the Pc radical genera- 
tion. 

In contrast, to the crystal phases, the liquid solutions and amorphous glassy 
phases are only partially organised (Fig.2I). 

As a consequence the distances between the adjacent phtalocyanine rings are 
larger and the overlapping between 7t-electronic clouds is much less efficient result- 
ing in much less efficient electron transfer. 
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Fig. 1 9 Resonance Raman spectrum of Cu(tsPc) '‘ in DMSO (c= 10’^ mol/dm^) for the glassy 

and crystal states [6] 




Fig.20. Schematic representation of ring stacked phthalocyanines 
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Fig.21 Schematic representation of liquid and glassy phases in phthalocyanines 



4. CONCLUSIONS 

From the results presented for crystal and glassy phases it is evident that the 
682nm emission must be related somehow to the electron transfer photoredox disso- 
ciation and it is not related to the Si-^Sq fluorescence. Finally, we have assigned the 
emission at 527nm to the Tn— >Ti fluorescence, the emission at 682nm- to the 
Cu^^(tsPc)’^ radical and the emission at 752nm to the Si-^Sq fluorescence. We have 
proposed [6] the following mechanisms of photophysical and photochemical behav- 
iour for the VIS light irradiation of the copper(II)phthalocyanine-3,4’,4",4’"- 
tetrasulfonic anion Cu(tsPc) '* with the wavelengths of energy between the B transi- 
tion (350 nm) and the Q transition (600-700 nm) (Fig.22). 
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Fig.22 Mechanisms of photophysical and photochemical behaviour of the cop- 
per(II)phthalocyanine-3,4’,4",4’"-tetrasulfonic anion Cu(tsPc) '‘ for the VIS light irradiation 

(514 nm) 



1) VIS light excites the ground state So of the molecule to the vibrationally ex- 
cited lowest singlet excited state (Si) for the Q transition 
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where u is the vibrational quantum number. 

2) The resulting Si state emits fluorescence at 754nm in DMSO liquid solution, 
or undergoes intersystem crossing to the lowest triplet state (Ti) that emits at 900 - 
1 100 nm [5], or is radiationlessly deactivated to the ground state. The Si->Sn fluo- 
rescence is absent in aqueous solutions . The Cu(tsPc) '* molecules that populate the 
Ti state may be excited to the second or higher triplet state T„ (Ti->Tn transition) 
with the VIS light. We have shown that the maximum of the Ti^T„ absorption oc- 
curs at 463.8 nm. The higher excited triplet state T„ emits fluorescence at 533 nm for 
Cu(tsPc) '* in DMSO and at 556 nm in H 2 O. 

3) Competively, the higher excited triplet state T„ participates in photoinduced 
redox dissociation 

cu{tsPc)-^ — ^ cu” [tsPc + cu" (tsPc y^ 

The excited state of the radical emits fluorescence and returns to the ground state 
of the radical. We have assigned the emission at 682 nm to the fluorescence of the 
excited state of the radical Cu*\tsPc*)'^. The emission is recorded only at lower tem- 
peratures where the other competive processes in the excited state of the radicals 
become uneffective due to slow molecular motions. 

We have shown that the photoinduced dissociation with the electron transfer be- 
tween the molecules of Cu(tsPc)’^ is determined by the distance between the adja- 
cent rings and the structure. The electron transfer that lead to the generation of 
ligand-centered radicals may occur only for the ring-stacked structures with strong 
overlapping between the ^-electronic cloud. These structures exist in highly concen- 
trated aqueous solutions and in the crystal phases. The photoinduced electron trans- 
fer does not occur for the monomers of Cu(tsPc) '* in liquid DMSO solution and in 
the glassy phases. 

The photochemistry of metallophtalocyanines is a very exiting and promising 
subject for further investigation. The attempt to elucidate the dynamics of the photo- 
chemical processes by femtosecond time resolved spectroscopy has been making in 
our laboratory and the progress in this area is very promising. 
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Abstract: This contribution gives a short introduction into the basic 
principles of dielectric spectroscopy and its application in 
solution chemistry. Exemplified by recent results it is shown 
that precise complex permittivity spectra obtained by the 
use of time domain and frequency domain methods in the 
mega- to gigahertz range yield specific information on sol- 
vent dynamics as well as on ion-solvation and ion-association 
phenomena that is not readily accessible with other tech- 
niques. 



I. Introduction 

Solvation and association of ions are the dominating features of aqueous 
and nonaqueous electrolyte solutions and determine their physicochemi- 
cal properties. The importance of these phenomena in many fields, from 
geochemistry via biological processes to technical applications, leads to 
the development of solution chemistry as the interdisciplinary science be- 
tween chemistry, physics, biology and chemical engineering devoted to 
the investigation of ion-solvent and ion-ion interactions [1-3]. Although 
important new insights were also coming from thermodynamics, trans- 
port studies, various spectroscopies and theory, it is probably fair to say 
that in the last decade the major impetus for our current understanding 
of electrolyte structure came from the rapid development of scattering 
methods and computer simulations [4,5]. 

However, many open questions remain. First of all, one has to note 
that x-ray and neutron scattering, but also (at least up to now) many 
simulation studies, give an essentially static picture of the solutions. The 
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coordination numbers (CN) determined by these techniques often differ 
considerably from the so-called primary solvation numbers (PSO [1]) 
determined from thermodynamic or transport properties. This is under- 
standable because CN are essentially obtained by counting the number 
of solvent molecules within a certain distance from the ion, whereas PSO 
reflect the balance between ion-solvent and solvent-solvent interactions 
and thus monitor the ’fluid’ character of the solutions. Of course, the 
difference between CN and PSO is not a mere flaw of one or the other 
approach, but significant information for the understanding of solutions 
and in the next decade a major task of solution chemistry will be to find a 
coherent description which accomodates CN and PSO and thus allows a 
prediction of the concentration and temperature dependence of thermo- 
dynamic and transport properties. The second focus will be on chemical 
speciation. The investigation of complex formation to e.g. ion pairs has 
always been a major field of solution chemistry, but due to experimen- 
tal problems was usually restricted to association constants K/^ > 20. 
However, equilibria involving weak complexes are widespread, ranging 
from the importance of sodium oxalate ion pairs on kidney stones [6] 
to the Bayer process for the recovery of purified Al(OH )3 from bauxitic 
ores [7,8], and there will be an increasing demand in the determination 
of the stability constants and the identification of the involved species. 

In this review I would like to show what contributions can be ex- 
pected from dielectric [relaxation] spectroscopy (DRS) on ion solvation 
and association. After a short introduction to the basic principles of 
the technique, the major features of the dielectric spectra of electrolyte 
solutions will be presented. Mainly exemplified with results from recent 
investigations of aqueous systems, the focus will be on equilibrium prop- 
erties, that is effective solvation numbers and ion-pair concentrations. 
But also some of the accessible dynamic information will be highligted. 
For a comprehensive review of dielectric relaxation studies of solutions 
the reader is referred to Ref. [9]; an encompassing compilation of litera- 
ture data in this fleld is available with Ref. [10]. 



2. Principles of Dielectric Spectroscopy 

DRS monitors the response of a sample, its polarization P{t), towards 
an applied time-dependent electric fleld, E{t), as a function of time, t, 
or (alternatively) the dependence of P on the frequency, i/, of harmonic 
fields. The technique is able to probe dynamical processes on a time scale 
ranging from tens of femtoseconds to hours and is therefore a widely 
used tool in material science to characterize solids [11], polymers [12], 
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TABLE 1. Some applications of DRS and typical frequencies, i/, of 
associated relaxation processes. 



field 


log(i^/Hz) 


remark 


solids 

plastic crystals 


-3 .. 


. 3 




ion conductors 


0 .. 


. 8 




electrode processes 


-3 .. 


. 6 


impedance spectroscopy 


liquid crystals 


1 .. 


. 8 


switching time 


polymers 


polymerisation kinetics 


-4 .. 


,. 4 




cooperative dynamics 


-3 .. 


,. 5 


a-relaxation mechanical 


polar side chains 


4 ., 


..8 


/^-relaxation properties 


glass formation 


-3 . 


.. 9 




colloids, micelles, emulsions, biological systems 


counterion diffusion 


-1 . 


.. 7 


particle size & shape 


phase diagram 


4 . 


..9 




inter molecular interact. 


4 . 


..9 


headgroup dynamics 


bound water 


6 . 


.. 10 




“simple” liquids solutions 


ionpair relaxation 


6 . 


.. 10 


r\ speciation, kinetics 


solvent dynamics 


8 . 


.. 12 


rv solvation 



or meso-phases [13]. The technique also receives increasing interest in 
fields like biophysics [14] or pharmacy [15] and has a long tradition 
in the investigation of structure and dynamics of electrolyte solutions 
[2,9, 16]. Table 1 summarizes some typical applications of DRS and the 
frequency range where characteristic relaxation processes are observed. 
For a general introduction to the method see Ref. [17]. 

For a nonmagnetic sample composed of individual components k with 
number densities pk = Nj^/V at the temperature T the polarization, 
P(^), can be essentially devided into three additive contributions. 
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Always present is the induced polarization 

Pa ~ ^ ^ PfcQ^/c(-^int)fc “ ^0(^00 P)E ( 1 ) 

k 

from the intramolecular charge distortion induced by the local field 
(■^int)A; i^ molecules of polarizability ak- The relation between {Emt)k 
(resp. (J 5 dir)fc? see below) and E depends on the theoretical level adopted 
for the calculation of P [18]. Compared to molecular motions the in- 
duced polarization fiuctuates very rapidly so that for most applications 
of DRS Pa can be assumed to be in equilibrium with the external field 
and expressed by the material quantity £ 00 ? typically around 2-3; £0 is 
the vacuum permittivity. 

Molecules with aj)ermanent dipole moment, are aligned by the 
local electric field, (jEdir)fc? against thermal motion. At equilibrium this 
orientational polarization is given by 

= E Pk^{Edir)k = Soie - Soc)E (2) 

k 



defining thus the relative (dielectric) permittivity, £ of the specimen (ob- 
viously, £ = £00 for nonpolar samples); kB is the Boltzmann constant. 
However, equilibrium between P and E is only reached for slowly vary- 
ing fields. With increasing frequency the dipoles are more and more 
unable to follow E{t) without delay due to frictional forces arising from 
intermolecular interactions. Formally, this is expressed by the response 
function 



_ (M(O)-M(t)) 
(M(0) • M(0)) 



of the total dipole moment 



Nk 

M ^ ^ flik 

k i 



i.e. the vector sum over all molecular moments. The brackets (...) des- 
ignate ensemble averages, Fp{0) = 1 and lim Fp = 0. Thus, 

t—^oo 

p,{t) = (4) 

provides information on the dynamics of the intermolecular processes 
connected with fluctuations of M, be they connected to the rotation of 
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individual molecules or to the formation and destruction of supramolec- 
ular entities. 

In the frequency domain, connected to via 

i{i^) ~£oo = (£ - ^oo) f exp[-i27Ti/t] dt (5) 

= (£ - £oo) F{v) 



this is manifested by the dispersion of permittivity from the static value 
£ down to £00 at 1/ — > 00, yielding the dispersion curve see Fig. 1 . 

Simultaneously dissipation of energy over a broad range of frequencies is 
observed and this is characterized by the dielectric loss spectrum e' 
and e" together define the complex permittivity spectrum of the sample, 

e{u)=s\u)-ie"{u) (6) 



which contains the entire information on the interaction of electromag- 
netic radiation with a non-magnetic, non-conducting sample. The re- 
laxation function F{u) is the frequency domain analogue of the auto- 
correlation function Fp^{t) and contains equivalent information on the 
relaxation dynamics. 

The third contribution to F, migration of charge carriers, like ions, 
under the influence of the electric field, is specific to conducting samples. 
Formally, the contribution can be expressed in terms of the complex 
conductivity, k{u)^ and from the structure of Maxwell's equations it 
follows that only the generalized permittivity 



17(1/) = £(//) + 



i2nu£o 



( 7 ) 



can be determined by DRS [ 18 ]. However, experience shows that for 
electrolyte solutions the dispersion of k is small so that 









K 

i27n/£o 



( 8 ) 

( 9 ) 



where k = limiy-^o is the conductivity determined under quasi- 
static conditions [ 9 , 16 , 20 ]. 

Figure 1 shows a typical electrolyte spectrum. Generally, the spec- 
trum is dominated by the contribution of the solvent in the gigahertz 
region (H2O in Fig. 1), which is affected by ion-solvent interactions. Ad- 
ditionally, a contribution from the solute, generally due to the formation 
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Figure 1. Dielectric permittivity, e'(y)^ and loss spectrum, of 0.0345 mol dm~^ 

La[Fe(CN)6] in water at 25 °C. Experimental data obtained with two different tech- 
niques (coaxial line TDR: ♦, waveguide: •) are fitted to a superposition of two Debye 
relaxation processes, solid lines, attributed to the ion-pair (IP) and to the solvent 
(H 2 O), broken lines. Also indicated (-f) is the total loss, of the solution [21]. 



of ion pairs (IP), may appear around a few hundered megahertz. Also in- 
dicated in Fig. 1 is the conductivity contribution to rj". It is obvious from 
eq. (9) that k dominates at low frequencies and (since e” {u) = 0) 

thus determines the minimum frequency to which i{u) can be reliably 
determined. For concentrated electrolytes this may seriously hamper the 
detection of small solute relaxation processes. Note, that often in the lit- 
erature i is used as the symbol for the total permittivity, related to a 
generalized conductivity via k, = 2'KuSoi^ see e.g. Ref. [17]. 

3. Determination and Analysis of Solution Spectra 

Figure 2 gives an overview of possible contributions to the dielectric 
spectrum of electrolyte solutions. At temperatures far above the glass 
transition temperature, Tg, molecular motions connected to fluctuations 
of M(t) from the terahertz down to the megahertz range may be ob- 
served. These processes range from the fast librations of a molecule in the 
ephemeral cage formed by its neighbours via molecular rotations to slow 
modes connected with the cooperative rearrangement of supramolecular 
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Figure 2. Frequency scale of typical solvent and solute contributions to the dielectric 
spectrum, fj{iy), of electrolyte solutions at temperatures far from glass transition. Also 
indicated is the type of instruments used in recent works of the author and their 
frequency range. 



structures in hydrogen-bonding solvents like water or alcohols. The ma- 
jor electrolyte contribution (besides the conductivity term in rj") arises 
from the formation of ion pairs. Such species can be detected by DRS if 
their lifetime is at least comparable to the time required for dipole rota- 
tion. Ion-cloud relaxation — the Debye-Falkenhagen effect — is negligi- 
ble for common electrolytes, but important for charged colloids [22]. Here 
also Maxwell- Wagner-type relaxation mechanisms, typical for macro- 
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scopically heterogeneous samples, start to become important [23]. 

Prom Fig. 2 it follows that ideally the entire range from radio fre- 
quencies via microwaves to the far infrared shoud be covered for the 
full investigation of the relaxation behaviour of electrolytes and their 
solvents. Also, high precision and accuracy are required for a meaning- 
ful splitting of i{u) into individual contributions. However, the region 
u > 20 GHz is notoriously difficult to access. Whereas broadband coaxial 
equipment can be used at lower frequencies and such instrumentation is 
now commercially available, narrow-band waveguide setups must be used 
for 20 < u/GHz < 100 and only a few laboratories have sufficient ex- 
perience in their development. Even more difficult are measurements in 
the the far-infrared range at i/ > 100 GHz. Only recently this region has 
regained interest due to the development of terahertz-pulse techniques. 
Fortunately, for most solvents the dominating rotational relaxation is 
below 60-80 GHz and the contributions from faster modes are small. 
Therefore, in dielectric studies Sqo is often not the true high-frequency 
limit of orientational polarization, but an adjustable parameter encom- 
passing libration and eventually fast internal rotations. 

A detailed discussion of the instrumentation is beyond the scope of 
this contribution. Here it may suffice to quote the reviews [9,17,20] for a 
general overview and Refs. [16,24,25] for a description of the equipment 
used by the author and coworkers. With modern equipment generally the 
accuracy of and rj"{u) is < 2% relative to the static permittivity, 
s, and precision is often better by a factor of four or more. Important to 
note is that most coaxial equipment, may it be based on vector network- 
analyzers (VNA) working in the frequency domain or on time-domain 
pulse transmission (TDT) or reflection (TDR), requires calibration to 
one ore more standards, preferably liquids of similar dielectric proper- 
ties. This is a serious problem if high accuracy is required, because the 
number of suitable reference fluids is limited [25] and systematic distor- 
tions arising from insufficient calibration are highly reproducible, which 
may mislead unexperienced users in the intrepretation of the spectra. 
Misalignment of cell and probe waveguide, higher-order modes or multi- 
ple reflections within the cell may lead to instrument-specific systematic 
errors of the four waveguide interferometers used in the author’s labo- 
ratory to cover 8.5 < u/GHz < 89 [26]. However, this type of instru- 
ments does not require calibration with standard liquids and involves 
only the measurement of pathlength and signal intensity relatively to 
some arbitrary starting point. Therefore, these setups provide a reliable 
’high-frequency anchor’ for the VNA and TDR data. 

For the interpretation of the complex permittivity spectrum a suit- 
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able relaxation model for the orientational polarization is fitted to 
see Fig. 1. Its choice is far from trivial and partly dictated by the ex- 
perimental accuracy and the frequency range covered by the data. The 
primary criterion in favour of a particular relaxation model is the vari- 
ance of the fit. However, model selection should be guided by physical 
intuition of the possible relaxation processes, see Fig. 2, because only in 
this way a molecular interpretation of the fitting parameters and hence a 
check with results from other methods is feasible. Even the most elegant 
and best fitting relaxation model must be questioned if its parameters 
cannot be connected to the existing body of information accumulated 
with other techniques for the same or related systems. 

For electrolyte solutions far from the glass-transition temperature it 
is generally possible to express (s — 6:oo) as a sum of n individual 
relaxation processes j of amplitude Sj and characteristic relaxation time 
Tj, eq.(12). 

n 

i{i.) = '£SjFjiu) + eoo ( 10 ) 

i=i 

where 

n 

£ = -f £oo (11) 

j=l 

defines the relative static permittivity of the sample. 

The relaxation functions of the individual dispersion steps may 
generally be represented by modifications of the Havriliak-Negami equa- 
tion 

= + ( 12 ) 

with relaxation time Tj and relaxation time distribution parameters, 
0 < a j < 1 and 0 < < 1. Special cases of eq.(12) are the asymmetric 

Cole- Davids on relaxation time distribution, aj = 0, and the Cole-Cole 
equation, = 1. A Debye relaxation process is determined by a single 
relaxation time, i.e. aj = 0 and j3j = 1 and represents an exponential 
decay of polarization. Although not mathematically equal, for certain 
combinations of aj and (3j the Havriliak-Negami function is a good ap- 
proximation to the Kohlrausch- Williams- Watts function which describes 
the stretched exponential decay of orientational polarization commonly 
found for supercooled or dissordered systems in the time domain [27]. 
For Debye and Cole- Cole equations with their symmetrical loss curves, 
relaxation time r. and frequency of maximum loss are related by 

Tj = 
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Provided the relaxation process j can be attributed to a chemical 
species, its amplitude Sj can be quantitatively interpretated with the 
help of the generalized Cavell equation [28] 

s Na gift] ’ 

or similar functions, that link Sj to the concentration cj of the relaxing 
species. In eq. (13) fij is the dipole moment and aj the polarizability of 
the species. The reaction-field factor, /j, and the cavity-field factor, Aj, 
are defined by the size and shape of the dipole, the static (Kirkwood) 
dipole-dipole correlation factor, accounts for possible orientational 
correlations of neighbouring molecules of the same kind. It should be 
noted that generally cj and gj cannot be determined independently for 
solutions. For dilute solutions of j, like generally for ion pairs, gj 1 is a 
reasonable assumption. For the solvent Cj and gj may be simultaneously 
affected by the solute, see below, so that it is convenient to normalize 
eq. (13) to the pure solvent [25]. 

The quantitative analysis of the relaxation time, rj, is less straight- 
forward. It depends on the relaxation mechanism and generally data 
are less accurate. For rotational diffusion of individual dipoles, like e.g. 
for acetonitrile or N,N-dimethylformamide in their solutions or for long- 
lived ion pairs, Tj can be converted to the rotational correlation time of 
the molecule, via the Powles-Glarum equation [29] 



_ 3s 
^ 2s -|- Soo 



9j 



XT- 



(14) 



where it is generally assumed that the dynamical correlation factor gj ^ 
1 . 

Tj^ can be compared with rotational correlation times from other 
methods (e.g. 3 tnmr ~ 3raaman for rotational diffusion) and is 

connected to molecular volume, Kn, and solution viscosity, rj, via the 
Stokes- Einstein- Debye equation 



3Vmf±C g 
kB T 



(15) 



where /j_ accounts for deviations from spherical shape, and C for the 
hydrodynamic coupling of molecular rotation to the environment [30] 

[C = 1 for sticky C = 1 — ' for slip boundary conditions). For sys- 

tems dominated by rotational diffusion Tj generally exhibits Arrhenius 
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Figure 3. Dielectric dispersion, and loss spectrum, e”(y)^ of NaCl solutions 

in water at 5°C; 1 pure water, 2 c = 0.400moldm~^, 3 c = 0.990moldm~^; 4 
c = 4.643 mol dm“^ [25]. Experimental spectra 1. . .3 (symbols) are fitted to a single 
Cole-Cole equation (lines), spectrum 4 to a superposition of two Debye processes. 



behaviour dX T ^ and Vogel-Fulcher-Tammann behaviour at low 
temperatures [16,17]. 

4. Solvent Relaxation 

i{u) of pure water exhibits a large dispersion step around 18 GHz (t^ = 
8.27 ps, ’b’ is for bulk) plus a small high-frequency contribution around 
400 GHz (rf « 0.4 ps, 5f 0.025(£ — Soo)? ’f’ iov fast) [31,32]. reflects 
the cooperative dynamics of the hydrogen-bond network and can be 
interpreted as the dwelling time a water molecule has to wait on average 
until all hydrogen bonds except (at most) one are broken, so that it 
can rapidly rotate with rf into a new H-bond conflguration with similar 
energy but different M. From the activation enthalpy of Tb the average 
number of n = 2.5 H-bonds per water molecule can be deduced, which 
is in good agreement with results of other methods [33]. 

Dissolution of inorganic electrolytes, but also of tetramethyl- or tetra- 
ethylammonium halides does not change this pattern. The ?b and Tf re- 
laxations remain the only water contributions, though S{ cannot always 
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be resolved due to insufficient high-frequency data. As far as data are 
available rf remains virtually unchanged by the electrolyte, is also 
only weakly affected [16]. The available data suggest that Cl“ [25] and 
Br" [34] can substitute H 2 O in the hydrogen-bond network without no- 
table influence on the dynamics, whereas metal ions produce a small 
decrease of rb, possibly due to the mismatch of their hydration shell 
and the bulk- water structure [35], and tetraalkylammonium ions raise 
Tb [34]. This contrasts to solvents forming hydrogen-bonded chains, like 
alcohols or N-methylformamide. Here the cooperative relaxation time 
shows a marked decrease with increasing electrolyte concentration, c, 
indicating the breakdown of the chains [16,36]. The behaviour of water 
also differs from aprotic solvents, where r notably increases in parallel 
to viscosity [16]. 

On the other hand, 5b, and thus the total dispersion amplitude of 
water, markedly decreases with c, see Figme 4. This effect is typical for 
all electrolyte solutions, including nonaqueous solvents. Its magnitude 
is specific to the electrolyte/solvent combination and may by far exceed 
the decrease of the solvent dispersion expected if only dilution of the 
solvent dipole density and kinetic depolarization were active [16]. The 
reason is (an at least partial) ’freezing’ of solvent molecules due to strong 
ion-solvent interactions so that they cannot contribute to P^. With the 
help of eq. (13) the number of apparently frozen solvent molecules per 
equivalent of electrolyte, Z,b, can be determined. For aqueous solutions 
the available data suggest that kinetic depolarization with slip boundary 
conditions applies. Additionally, it can be argued that Zib(Cl“) = 0 and 
Zib(Br”) = 0 because the hydrogen-bond strength between the halide 
ions and water is similar to the O- • -H-0 interactions [34,37], so that 
ionic Zib values can be derived. As an effective solvation number depend- 
ing on the strength of ion-solvent interactions, Zjb is generally different 
from coordination numbers determined with scattering techniques, but 
compares favourably with some of the primary solvation numbers ob- 
tained from thermodynamic or transport properties, see Table 2. For 
the investigated monovalent ions Zib < CN, i.e. only the first hydration 
shell is affected by the field of the ion, whereas for the divalent ions also 
the second shell is signiflcantly different from bulk water. It is interest- 
ing to note for Na“*“ and OH~ that Zib decreases only weakly with c, 
whereas for SO^” and CO^” a pronounced breakdown is observed, see 
Fig. 4. 

At low concentration, c < 1 mol the decrease of the water disper- 
sion amplitude induced by tetramethyl- or tetraethylammonium halides 
is entirely due to dilution and kinetic depolarization, i.e. Zjb = 0 [41], 
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Figure 4- Effective hydration numbers, 
Zib, of Na+ (1, [25]), OH- (2, [37]), 
SO 4 - (3, [38]), and CO 3 - (4, [39]) as 
a function of electrolyte concentration, 
c, in water at 25 ®C. 




Figure 5. Effective ’hydrophobic’ hy- 
dration numbers, Zs, of tetraalkylmam- 
monium bromides as a function of elec- 
trolyte concentration, c, in water at 
25 °C [34]. 



whereas at high concentration the breakdown of the bulk- water structure 
is monitored by a strong decrease of the Kirkwood factor, g [34]. This is 
also true for the higher homologues. However, from tetrapropylammo- 
nium bromide onwards [34], as well as for long-chain alkyltrimethylam- 
monium halides [22], an additional relaxation process appears around 
6-8 GHz (ts ^ 20 - 25 ps, ’s’ for slow water), that can be attributed to 
H 2 O molecules close to the alkyl groups. Apparently, a sufficiently large 
hydrophobic surface area is required to observe ’slow’ water. At c 0 
the hydration number Zg calculated from Ss with eq. (13), see Fig. 5, is 
smaller than the maximum hydration number possible from geometric 
criteria, but compares favourably with data derived from compressibility 
measurements. Zg markedly decreases as soon as the hydration shells of 
the ions begin to overlap. This may be taken as an indirect evidence of 
cation-cation aggregation, as it was shown to occur for aqueous Pr 4 NBr 
by Polydorou et al with a combined neutron diffraction and reverse 
Monte Carlo study [42]. The observed decrease of Zg indicates that in 
concentrated solutions the total hydrophobic surface is minimised. 

The temperature dependence of Tg shows Eyring behaviour [34], like 
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TABLE 2. Comparision of effective hydration numbers, Zjb(O), of ions 
at infinite dilution and 25 °C, with coordination numbers (CN) and 
primary solvation numbers (PSO). For the calculation of Zib(O) slip 
boundary conditions for ion transport are assumed. The last column 
quotes the DRS paper where the sources for CN and PSO can be 
found; the most probable CN is indicated by the bold figure. 





^ib(O) 


CN 


^hydS 


PSO 

kt 


other 


ref. 


cr 


0 


1-6-8 


3 


0.1 


0.9 


125] 


Br~ 


0 


6 


2 


0 


1.8 


[34] 


OH" 


5.5 ±0.5 


5.8 “ 


5.9 


6.6 


4.0 


[37] 


A1(0H)4 ^ 


5.2 ±0.1 










[37] 


B(OH)J 


5.3 ±0.1 










[37] 


SO^ 


10.0 ±0.7 


7-8-12 


6.9 


10.6 


3.1 


[38] 


co^- 


13.0 ±0.8 






8.8 




[39] 


Na+ 


4.5 ±0.2 


4-6-8 


4 


6-7 


2-4 


[25] 


M 64 N + 


0 


26.9 




4 


3.5, 25 


[34] 


Et4N+ 


0 


34.5 




8 


4.5, 30 


[34] 



“ Ref. [40]; Mn 1.0 M NaOH 



Tb of pure water [33] and the investigated solutions do. However, the 
enthalpy, A/7^, and entropy, A5^, of activation are significantly larger 
than for 7 \,. Whereas for the bulk water of the solutions the same av- 
erage number of hydrogen bonds, rib = 2.5, is found as for pure wa- 
ter, a significantly larger value, fig = 3.5, is found for the water close 
to the hydrophobic surface. Probably, the large fig is a consequence of 
the screening of the hydrogen-bond connections within the ’hydrophobic 
hydration shell’ against the disturbing ’fifth- neighbour’ H 2 O molecules 
essential for the dynamics of liquid water. 

5. Solute Relaxation 

There is considerable evidence that chemical speciation through associ- 
ation of ions to pairs or larger aggregates is a widespread phenomenon 
and the formation of contact ion pairs (CIP) is regarded as a prerequisite 
to chemical reactions between ions in solution [1,2]. According to Eigen 
and Tamm [43] ion-pair formation is generally a three-step process, see 
Fig. 6. Initial step is the essentially diffusion-controlled formation of 
an encounter complex from the free solvated cations and anions (state 
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prutluijK ^ 



higher yggregak's 
[mKclies. ) 

Figure 6. Eigen mechanism of ion as- 
sociation [43] and possible subsequent 
steps. 




Figure 7. Relative ion-pair concentra- 
tions, cip/c, in aqueous solutions of (1) 
Me 4 NBr, (2) Et 4 NCl, (3) Pr 4 NBr, and 
(4) Bu 4 NBr at 25 [34]. 



1). In the formed solvent-separated ion pair (2SIP, 2) both ions keep 
their first solvation shell. In the subsequent steps solvent molecules are 
expelled from the region between the two ions to form solvent-shared 
(SIP, 3) and contact ion pairs (4). Each step is characterized by its sta- 
bility constant Pim and its forward, and backward reaction rate, 
f^ml (/ = 1 . • . 3, m = 2 . . . 4). The overall equilibrium constant is given 
by 

~ ~ ^12^23 + 012023^34) (16) 



where I is the ionic strength. For symmetrical electrolytes /?a can be 
written as 

(C - Cip)2 

with cip — C 2 SIP + csiP + ccip as the total ion-pair concentration. 

The mechanism sketched in Fig. 6 was established almost half a cen- 
tury ago to interpret the ultrasonic relaxation data of aqueous 2:2 elec- 
trolytes [43]. Nevertheless, there is still considerable discussion in how far 
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ion-pair formation is relevant for the understanding of electrolyte solu- 
tions and theories have been developed that describe solution properties 
without any ion association. For instance Malatesta and Zamboni claim: 
“there is no clear evidence that [aqueous 2:2 electrolytes] associate” [44]. 
The reason for such a statement is that for a given electrolyte system not 
all steps of the Eigen mechanism are necessarily involved and direct evi- 
dence of the formed species is scarce. Depending on the relative strengths 
of ion-solvent and ion-ion interactions SIP or even CIP may form directly 
from free ions or the reaction sequence stops at SIP or even 2SIP, see 
Ref. [16] for examples. There is a considerable body of Kx data from 
conductance meaisurements and thermodynamic properties, but these 
techniques give no information on the involved aggregate(s). Ultrasonic 
relaxation measurements yield the number of involved equilibria and 
the corresponding relaxation rates, but also no direct structural infor- 
mation. On the other hand, conventional spectroscopic techniques, like 
NMR or vibrational spectroscopy can only detect CIP [45] and generally 
association constants derived from these data differ widely from other 
Ka- 

Dielectric spectroscopy is sensitive to any species with > 0 pro- 
vided its lifetime is at least comparable to the rotational correlation 
time, . Since the dipole moment of an ion pair is essentially de- 
termined by the separation, d, of the charges and of anion and 
cation and the corresponding dispersion amplitude is proportional to 
see eq. (13), the sensitivity towards ion pairs increases in the sequence 
CIP < SIP < 2SIP. Thus, DRS is — in contrast to other techniques — 
able to detect SIP and 2SIP unambigously. One may even say that the 
contributions SIP and especially 2SIP to i{u) are amplified with respect 
to the dispersion amplitudes of CIP and the solvent. 

The ion-pair relaxation time is essentially governed by the Stokes- 
Einstein-Debye equation (15) and thus determined by the molecular vol- 
ume, so that for electrolyte solutions of common solvents ion-pair relax- 
ation processes may be expected in the 0.3 to 5 GHz range, see Fig. 1. 
Since the volumes of CIP, SIP and 2SIP are significantly different, their 
contributions to s"(z>') peak at different frequencies and the experimen- 
tal relaxation time can be used as a hint to the ion-pair species present. 
With the now accessible accuracy of the spectra it is even possible to 
extract the amplitudes, 5j, and relaxation times, Tj, of simultaneously 
present ion-pair species from i{u) [38,39]. 

Prom Sj the corresponding ion-pair concentration is obtained with 
eq. (13). Since the involved species is usually not known a priori the 
required input parameters fij^ aj, fj, and Aj are calculated from geo- 
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TABLE 3. Association constants, /Ca, ion-pair species, rate constants of ion-pair for- 
mation, fcim, and ion-pair lifetimes, rt = ln2/fcmi, of aqueous electrolytes at 25°. The 
last column quotes the DRS paper where the references for Ka can be found. For the 
electrolytes where kinetic data are available m = 4, see text. 







Ka 


species 


OJ 

1 

o 

X 


TL 


ref. 




DRS 


literature 




L mol ^s ^ 


10“®s 




Me4NBr 


3.0 ±0.4 


1.24, 1.49 


CIP 


1.7 


1.2 


[34] 


Et4NCl 


3.1 ±0.6 


2.3, 2.5 


PIP 


6 


0.4 


[34] 


Et4NBr 


3.74“ 


3.3, 3.4, 3.74, 7.5 


PIP 


4.0 


0.65 


[34] 


Pr4NBr 


2.8 ± 0.4 


3.1, 4.2, 4.7 


PIP 


1.12 


1.74 


[34] 


Bu4NBr 


5.6 ±0.8 


2.9, 4.6, 4.8 


PIP 


1.2 


3.2 


[34] 


Pe4NBr 


7.4“ 


7.4 


PIP 


5 


1 


[34] 


LaFe(CN)e 


5300“ 


5300 


CIP 


3.9 


96 


[21] 


Na 2 S 04 


6.7 


5.8, 6.6, 6.82 


2SIP, SIP 






[38] 


Na2C03 


9.5 


9.1, 18.6, 19.4 


2SIP, SIP 






[39] 



“ fixed to literature value 



metric data for all conceivable ion pairs [28] and the resulting Pa{I) are 
extrapolated to Ka with the help of a Guggenheim-type equation 

log /3a = log Ka - + bpi + c^/3/2 (jg) 

yloH is the Debye- Hiickel parameter of the solvent [38]. Depending on 
salt and solvent, usually only one or two of the empirical parameters JB, 
bp and cp are required. 

The obtained model-specific association constants are then compared 
with data from thermodynamic or conductance measurements to infer 
the ion-pair species. Due the high sensitivity of cj to jjLj and to the un- 
certainty of the hydrodynamic coupling of ion-pair rotation to viscosity 
— generally the experimental C is between stick and slip limits — this 
approach is more accurate than the analysis of the relaxation time. Table 
3 summarizes the results of recently investigated aqueous electrolytes. 
Keeping in mind that for conventional methods values of Ka < 20 are 
difficult to access, the agreement with DRS data is very good. 

For tetraalkylammonium halide solutions [34] as well as for LaFe(CN)e 
[21] a single ion-pair relaxation process is observed. Based on Ka and rfp 
the dispersion step of Me 4 NBr and the LaFe(CN)e can be unequivocally 
attributed to CIP. For these electrolytes the intermediate steps 2SIP 
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Figure 8. Relative concentrations, 
cipjc^ of all ion-pairs (curve 1), of double 
solvent-separated (2SIP, curve 2) and of 
solvent-shared ionpairs (SIP, curve 3), in 
aqueous Na 2 S 04 solutions at 25 °C [38]. 



Figure 9. Ion-pair relaxation times, np, 
of (1) Et 4 NBr, (2) Pr 4 NBr, (3) Bu 4 NBr, 
and (4) Pe 4 NBr in aqueous solutions at 
25 °C [34]. The lines are calculated with 
eq. 21. 



and SIP of the Eigen association scheme, Fig. 6, are not stable species. 
In the case of the larger tetraalkylammonium ions DRS association con- 
stants and literature data can only be reconciled if it is assumed that 
the anion penetrates the cation, reaching the a-methylene group. Such 
penetration ion pairs (PIP), again directly formed from the free ions, are 
consistent with previous NMR results [46] . Figure 7 shows that despite 
the small association constants between 14 and 22 % of the ions are as- 
sociated at c « 0.3 mol and thus ion pairs cannot be neglected in the 
modeling of solution properties. At higher concentrations cip/c decreases 
significantly, as expected from the concentration dependence of activity 
coefficients. Unexpectedly, cip/c rises again for large concentrations of 
Et 4 NCl and possibly Me 4 NBr. An explanation for this behaviour is still 
lacking. 

For sodium sulfate [38] and carbonate [39] two ion-pair relaxation 
processes can be detected and assigned to 2SIP and SIP. According to 
Figure 8 there is an initial rapid rise of the 2SIP concentration in Na 2 S 04 
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solutions. But after 0.08 mol L“^ this contribution decreases and 2SIP 
disappear when the solubility limit 1.7 mol L"^) is approached. At 

intermediate and high concentrations SIP is the dominating species. 
It reaches the level of 2SIP around 0.3 mol L~^ and passes through a 
maximum at 0.7 mol L"^. For Na 2 C 03 a similar pattern is observed. 
Prom the data of Fig. 8 the stability constants pu = C 2 sip/(c+c_) and 
023 = csip /c2SiP are immediately availble. Up to the saturation limit no 
CIP are detected for these 2:1 electrolytes. Probably, this is not only 
due to strong Na"^-H20 interactions, Zib(Na“^,0) is only 4.5, but also 
favoured by hydrogen-bonding of the ’squeezed’ water molecule to sul- 
fate. For LaFe(CN)e obviously ion-solvent interactions are not sufficient 
to outweigh the strong Coulomb attraction of the trivalent ions. 

Provided that subsequent steps are absent or at least slow compared 
to the establishment of the first equilibrium [47], it can be shown [48] 
that the relaxation time t^pi of the ion pair formed from the free ions 
(usually Tipi = ri) contains a kinetic contribution, Tch, in addition to 
Tj°pi from the tumbling motion of the species 

(tipi)"^ = + (Tch)“^ (19) 



with 

(^ch) ^ ^ml “h 2fci77T,(C-|- + C_) (20) 



m = 2, 3 or 4 depending on the ion pair formed. 

Neglecting the viscosity dependence of [49], the rate constant 
of formation, fcim, and the effective volume of rotation, Vq = Vmf±C of 
the ion pair can be determined for a symmetrical electrolyte with the 
equation 



1 

'^Pi 



3r?(0)14 

ksT 



+ ^Im 



■ 1 
.^A 



+ 2(c - cip) 



( 21 ) 



77 ( 0 ) is the viscosity of the pure solvent. Figure 9 shows an example 
for such an analysis and Table 3 lists the data of kim and the ion-pair 
lifetimes, tl = ln2/kmi^ of aqueous tetraalkylammonium halides and 
LaFe(CN)e. For these salts m = 4 and Ka = lim/_»o(fcim/fcmi) since 
no 2SIP or SIP are detected. In all cases the experimental formation- 
rate constant is roughly by a factor of 2-10 smaller than the value ex- 
pected for diffusion-controlled ion-pair formation, indicating that the 
rearrangement of the hydration shell has some influence on the kinet- 
ics of ion association in these systems. Although tetraalkylammonium 
halide ion pairs are rather labile their lifetime generally exceeds rfpi by 
a factor of 2 or more and is significantly larger than the value expected 
for diffusion-controlled decay. Prom these data it is obvious that even 
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SIP 



Figure 10. Representations of ion-pair 
models for CsF in methanol in order of 
increasing charge separation d: contact 
(CIP); face-centred (FIP, view along 
CS-+--F- axis); edge-centred (EIP); ver- 
tex-centred (VIP); and solvent-shared 
(SIP) ion pairs [36]. Only the methanol 
molecules relevant for d are shown 
around F~ which is assumed to have an 
octahedral solvation shell. 




Figure 11. logKA versus the inverse 
ion-pair dipole moment, of various 
ion-pair models for CsF in methanol at 
25 °C [36] . Also indicated are the values 
of log Ka determined by Hefter and Sa- 
lomon [51] from conductivity measure- 
ments (•) with (log^A = 1.443) and 
without (log/CA = 1.274) inclusion of 
the Chen effect. 



in weakly associating electrolytes ion pairs are not ephemeral entities 
solely based on random encouters of cations and anions but more or less 
stable chemical species. Otherwise also NaCl or similar non-associating 
electrolytes should exhibit solute relaxation processes in DRS, which is 
not the case [25,50]. 

As a final example for the potential of DRS in solution chemistry 
CsF in methanol [36] is presented. From conductance measurements it 
was known that the electrolyte is weakly associated with Ka^ 25, but 
(as common for fluoride solutions) few further information was available. 

The dielectric data revealed a marked decrease of the solvent disper- 
sion amplitude and a small, statistically well defined ion-pair relaxation 
process. From the methanol relaxation it can be inferred that F“^ is 
strongly coordinated to 6 alcohol molecules, which has a pronounced 
effect on the ’bulk’ methanol structure. The dipole correlation factor 
rapidly breaks down from g ^ Sin the pure solvent to about 2 at the sat- 
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uration limit 1 molL“^), indicating a decrease of the average length 
of the H-bonded methanol chains. Comparison of association constants 
from dielectric and conductance data reveals that the ion pair is neither 
contact nor ’conventionally’ solvent-shared, see Figure 10. According to 
Figure 11 DRS values of Ka derived for SIP and CIP are either signif- 
icantly too small or too large. Model calculations for other conceivable 
ion-pair structures show that in methanol CsF forms vertex-centered 
(VIP) ion pairs where anion and cation coordinate via the OH-group of 
the alcohol. 

6. Concluding Remarks 

The previous pages give a flavour of what kind of information can be 
obtained with dielectric spectroscopy in the field of solution chemistry. 
Obviously, the focus of the presentation as well as the selection of the 
examples where guided by the preferences of the author. But we may 
reiterate the following points to highlight the key issues: 

— Time scale 0.1 < r/ps < 10000 

At least in principle (though the terahertz range is still difficult to 
access) the entire time scale relevant to solution chemistry can be 
probed. 

— Solvent dynamics 

Information on molecular rotation and cooperative motions can be 
obtained. Especially, the cooperative dynamics of hydrogen-bonding 
liquids gives rise to distinct relaxation processes. 

— Solvent / solution structure 

DRS yields the Kirkwood factor, describing the static dipole-dipole 
correlations, and/or the effective solvation number of the solvent 
as a function of electrolyte concentration. A careful comparison of 
Zib with coordination numbers from scattering experiments and 
with results from molecular dynamics simulations aimed at the 
solvation-shell dynamics should yield important information on the 
relative strengths of ion-solvent and solvent-solvent interactions. 
Water close to sufficiently large hydrophobic solutes exhibits a dis- 
tinct relaxation process. 

— Ion-pair formation 

In contrast to other techniques DRS can unambiguously detect not 
only contact ion pairs, but also solvent-separated and solvent-shared 
species. With the help of model calculations and literature data for 
Ka DRS allows the identification of the relaxing ion-pair species, 
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yields the corresonding concentrations as a function of ionic strength 
and allows the calculation of stepwise and overall stability constants. 
In favourable cases the technique can provide the rate constants of 
the first association step. 

— Micelles 

Due to limitations of time and space micelles were not treated in 
the presentation, but an example for a DRS study is quoted [22]. 
This paper shows that nowadays information on the size of the 
micelles, the extent of counter-ion binding, micelle hydration and 
inter-micellar interactions can be deduced. 

Although already a classical technique, the full potential of DRS in 
solution chemistry and related fields is just emerging with the recent 
advances in microwave technology, especially the development of accu- 
rate vector networkanalyzers. It is hoped that this contribution not only 
gives an overview suitable for solution chemists using other techniques, 
but also stimulates researchers to use and improve this method. 
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Abstract: A symmetric and asymmetric high molecular mass diblock copolymer are 

utilized to experimentally address the main parameters controlling the dynamic 
structure factor, S(q,t), in this class of self-assembled materials. The spatio- 
temporal variation of S(q,t) can be theoretically described in the two regimes 
of the phase diagram. 



1, INTRODUCTION 

Covalently linking of two chemically distinct polymeric chains (A,B) produces 
intra-molecular mixtures A-B as opposed to the binary mixture of homopolymers 
i.e. a blend A/B. In the latter, the relevant composition fluctuations are long-range 
and become long-lived near the critical point for macro-phase separation [1]. 
Unfavorable enthalpic interactions between monomers, when summed over the 
chains, lead to strong slowing-down of the inter-diffiision of the chemically 
dissimilar chains (A,B) over long length-scales [2]. This phenomenon bears 
analogies to binary molecular liquid mixtures. Alternatively, intra-molecular 
mixtures, i.e. diblock copolymers A-B, result in a micro-phase separation when the 
enthalpic interactions dominate[3,4] and there are no analogues in molecular liquids. 

The static structure factor, S(q), has been thoroughly utilized to investigate dis- 
ordered diblock copolymers in the bulk and in solutions [5]. The evolution of the 
maximum of the static structure factor, S(q*), and the characteristic spacing, 27c/q*, 
with either temperature (melt) or concentration (solutions) approaching the ordered 
to disordered transition (ODT) is well established. The phenomenon of internal dif- 
fusion in diblock copolymer has only recently received attention, especially for 
wave- vectors, q, near q* [6-10]. The understanding of the dynamic response that 
influences the rheological properties of AB matrices requires sensitive measure- 
ments of the intermediate scattering function S(q,t) over a broad time range in the 
relevant q-region. 

Sufficiently high molecular mass AB block copolymers allows for an employ- 
ment of dynamic light scattering at q=0(q’’‘). The determination of the dynamic re- 
sponse from photon correlation spectroscopy (PCS) relies on the identification of the 
dominant mechanisms to relax the order parameter (composition) fluctuations, (|)q(t), 
manifested in the intermediate scattering function (dynamic structure factor) S(q,t) 
of the system. Two main modes can be identified as the overall chain relaxation with 
characteristic rate r 2 ^ 1 /xo (xo is the longest chain relaxation time) and chain self- 
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diffusion with ri=Dsq^ (Dg is the self diffusion coefficient). The development of 
these modes with the wave vector, q, and concentration, (|), and their dependence of 
polydispersity, composition of block A, fA, and block type will be briefly presented. 



2. EXPERIMENTAL S(Q,T) 

Two anionic polymerised ultra high molecular weight block copolymers were 
chosen as reference systems in this report [8]. The two samples are characterised as 
a symmetric (50 % styrene and Mw=950 kg/mol) polystyrene-polyisoprene diblock 
copolymer, 815 0, and an asymmetric (85 % styrene and Mw=16 Mg/mol) polysty- 
rene-poly(isoprene -random-ethylene-alt-propylene) diblock copolymer, SEP80. 

The characteristic diblock copolymer peak in the S(q)ocI(q)/(|) falls within the 
light scattering q’s as shown in Figure 1 for solutions of SEP80 in toluene at (|)<(|)odt 
(where (|)odt the concentration at which the ODT occurs at 20°C). The reduced 
intensity, I(q*)/(|), at q* increases strongly with ^ beyond about 4 wt% that signifies 
the effect of composition fluctuations approaching the ODT. From the static I(q), 
both the q* and the intensity at q*, I(q*)/(^, can be determined at each concentration 
and their (|)-dependence are shown in the two insets to Figure 1. Like the situation in 
the melt [5], the characteristic spacing, d=27c/q’‘‘, increases towards the ODT due to 
chain stretching. The variation of (|)/I(q’'') with concentration also mimics the de- 
pendence of 1/I(q*) vs. 1/T in undiluted diblock copolymers. The inflection point in 
the (|)/I(q*) vs. (j) plot announces the onset of composition fluctuations and the valid- 
ity limit of the mean-field region. The (|)-dependence of these two experimental 
quantities is at odds with the theoretical predictions [11]. 




Figure 1. Light scattering intensity distribution I(q)/(|) for disordered solutions of SEP80 in 
toluene at four different concentrations <|) at 20°C. Insets: q* vs. ^ and (t)/I(q*) vs. (|). The lines 
are guide for the eye and the arrow indicates the onset of non-mean-field behaviour. 

From the intermediate scattering function C(q,t) (ocS(q,t)) the rate, r^, and inten- 
sity, Ik, of the different relaxation processes (k=l,2) was extracted via inverse. 
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Laplace transformation [8]. Three relaxation processes were found [6]. The fastest 
process relates to the cooperative diffusion [12] responsible for the relaxation of the 
total diblock concentration fluctuations and is not diblock copolymer specific; 
hence, it is not addressed in this report. The other two processes relate to the compo- 
sition fluctuations (|)q(t) and are identified with the chain relaxation (k=2) and chain 
self diffusion (k=l) in the mean field regime. 




Figure 2. Experimental (symbols) and theoretical (lines) relaxation rates, r^, and intensities, 
Ik, of the two main processes (k=l,2) associated with the order parameter fluctuations in (a,b) 
4.85 wt % and (c,d) 8.76 wt % SI50 in toluene at 20°C. The dashed lines indicate a q^- 
dependence for fi. Note the different scales between panels (b) and (d). 

To address the effect of diblock copolymer concentration (([)), composition 
polydispersity (Ko=<fA^-<fA>^), composition of block A (fA), block type on the q- 
dependence of the relaxation rates, Fk(q), and the reduced intensities, Ik(q)/<|> (k=l,2) 
we utilized SI50 (low polydispersity Figure 2) and SEP80 (high polydispersity Fig- 
ure 3). We present two concentrations for each system one falling into the mean- 
field regime (panels a,b) and the other into the non-mean-field regime (panels c,d). 
For both systems at the low concentration (a in Figures 2 and 3), T 2 is a relaxational 
and r I a diffusive rate characteristic for an overall chain conformational relaxation 
and a chain self-diffusion mechanism respectively. The corresponding reduced in- 
tensities, Iic(q)/<t>> of the two processes are shown in panel (b) of Figures 2 and 3. In 
the mean-field regime, the same two main processes can be found independently of 
block type, polydispersity or fA. However, the extent of composition polydispersity, 
Ko, affects the relative contribution of the two processes to relax the thermal collec- 
tive composition fluctuations. As is evident from Figures 2b and 3b between the two 
systems the contribution of the slow diffusive process to S(q,t) increases with in- 
creasing polydispersity, Kq. For SI50, the second process (2) is responsible for the 
peak in I(q*) in contrast to the situation in the more polydisperse (larger Kq) SEP80. 
At even higher polydispersity, the slow diffusive process becomes dominant and 
obscures the relaxational mode (k=2) leading to mono-modal diffusive S(q,t). Theo- 
retically, the slow diffusive process should be light scattering inactive in an ideally 
’’monodisperse” sample. 
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Figure 3. Experimental relaxation rates, Fk, and intensities, Ik, of the two main processes 
(k=l,2) associated with the order parameter fluctuations in (a,b) 3.86 wt % and (c,d) 6.10 wt 
% SEP80 in toluene at 20°C. The dashed lines are guide for the eye. Note the different scales 
between panels (b) and (d). 

At higher concentrations in the strong fluctuation regime close to the ODT (pan- 
els c,d in Figures 2 and 3) S(q,t) is again bimodal (cooperative diffusion is not con- 
sidered) with pertinent features. The q-dependence of the two rates shown in panels 
(c) is modified. While far from the ODT, the two processes merge in the vicinity of 
q* (panels a) thus making their resolution in the time scale increases close to the 
ODT (panels c) making the resolution feasible near q*. A second pertinent feature is 
the slowing down of the diffusive process, Ti, at q* fully displayed in the SEP80 
sample (Figure 3). This behaviour is general for all investigated block copolymers 
and independent of the polydispersity, fA, and block type [8,9]. The intensities Ii(q), 
^ 2 (q) ^anel d in Figures 2 and 3) have exchanged their role close to q*. In the 
polydisperse sample, SEP80, the diffusive mode still dominates at all q’s and is re- 
sponsible for the strong peak of S(q) at q*. In the less polydisperse SI50, the diffu- 
sive mode has also gained intensity by several orders of magnitude at q* (Figure 
3b,d) becoming again the dominant process of S(q,t) in the vicinity of q*. On the 
contrary, the picture at low q’s is the same as in the mean-field regime. Note that it 
is the diffusive mode that is responsible for the increase of S(q*) near the ODT in- 
dependently of polydispersity, block composition, fA, and block type. From a dy- 
namic point of view, the low q dynamics are virtually insensitive to the proximity to 
the ODT. 

3. THEORETICAL S(Q,T) 

In the framework of the random phase approximation Semenov et al [9,10] have 
theoretically obtained the S(q,t) for polydisperse diblock copolymer solutions in 
neutral solvent. For systems following the classic statistics the dynamic structure 
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factor, S(q,t), is related to the generalized linear susceptibility, Ky(q,t). Using the 
Flory-Huggins model for an incompressible diblock copolymer AB: 
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where by is the Kronecker delta, p the Laplace variable and x the Flory-Huggins 
interaction parameter. For compositionally polydisperse copolymers: 

(9’ -p) = I, p)p(f)df (4) 



where 5(f) is the volume fraction of kind f and f=(NA-NB)/ (Na+Nb) with Na and 
Nb being the number of segment of block A and B. The dynamic structure factor of 
a homogeneous system can be expressed in terms of a superposition of exponentials 

= ( 5 ) 

k 



In this case the linear susceptibility is a meromorphic function (all singularities 
are poles) and all poles are simple and located in the real half-plane, Re(p): 



x^(g,p) 



k P+r,{q) 



( 6 ) 



And the intensities, Ik(q), and rates, Fk(q), can be calculated from: 
l/Kiq-r^) = 0,I^ =:^ReSp_rJv(^,p)] (7) 

The computation of and requires the knowledge of Ko, the size of the chain 
(Rg), the proximity parameter s=((|)oDT-<t^)/ <1 >odt» the longest chain relaxation time 
and the optical contrast. Using a polydispersity of Mw/Mn=1.03, the experimentally 
determined radius of gyration (Rg=50 nm) and the proximity parameter 8 for SI50, a 
good agreement between experimental and theory is found as shown by the solid 
lines in Figure 2. The theoretical predictions capture well the evolution of S(q,t) 
when it changes from a dominant relaxational to a dominant diffusive character ap- 
proaching ODT in vicinity to q* (a to c and b to d in Figure 2). The thermodynamic 
slowing down at q* approaching the ODT is also well described theoretically (c, in 
Figure 2). Note that the theory overestimates the rate F 2 for the overall chain motion , 



4. CONCLUDING REMARKS 

A good understanding of the dynamic response of block copolymer solutions in 
neutral solvent is now established. Among the various parameters, it is the polydis- 
persity (kq) and proximity (e) to the ODT that affects the bimodal nature of the dy- 
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namic structure factor. Both Ko and e bias the slow difhisive mode (1) and hence 
determine which of the two processes is responsible for the characteristic peak in the 
static structure S(q*). 

For sufficiently low Kq, the increase of the contribution of the diffusive mode 
(k=l) leads to the intriguing dynamic crossover from a relaxational to the diffusive 
behaviour of S(q,t). This dynamic crossover occurs in the concentration region 
where the static S(q) deviates from the mean- field behaviour. 

A major advantage of employing ultra high molecular weight block copolymers 
is the use of PCS at wave vector close to q* albeit in solutions. To extend these stud- 
ies in the melt, the development of the x-ray-photon spectroscopy has to be awaited 
for. 
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Abstract: In this contribution we investigate whether the structure of concentrated 

shear-ordered dispersions as determined by small angle synchrotron x-ray or 
neutron scattering can be rationalized in terms of viscoelastic flow behavior as 
in rheological investigations. Although so far scattering experiments have con- 
tributed little to the understanding of rheological systems we are convinced 
that rheological investigations will profit considerably from a better knowl- 
edge of the micro-structure of the dispersions. Sheared dispersions are usually 
ordered in layers. There are two kinds of ordering of interest: (a) The structure 
in a layer (b) The structure between the layers. One interesting point of 
mesogenic systems is their viscoelastic nature. There is strong evidence that 
the structure in a layer (a) can be treated as elastic or solid-like, whereas the 
structure (b) between the layers seems to be fluid-like. With scattering experi- 
ments one is in the excellent position that two experiments exist with which 
the two effects can be investigated separately: The solid-like microstructure (a) 
can be determined at perpendicular incidence. The fluid-like microstructure (b) 
is given by the scattering intensity along certain Bragg rods (3n±l-rods). In 
particular this second micro-structure may change in time by aging. 



I. INTRODUCTION 

In this paper the structure of shear ordered dispersions is considered and how it 
can be analyzed by scattering techniques [1,2]. In order to understand charge stabi- 
lized shear ordered dispersions two states must be considered: (A) an intermediate 
layered mesogenic and (B) the final crystalline state. This paper is mainly concerned 
with the structure of the layered state. There are several scattering experiments 
which show the existence of the two phases. If shear is applied, usually a random 
stacking, layered system exists first, the stacking structure of which changes slowly 
to the final crystalline state. A light scattering (LS) observation of this behavior was 
reported years ago by Clark et al. [3] for a dilute dispersion. The stacking structure 
of a similar system was investigated years later by Dux et al. [4]. When studying the 
LS intensity along the c*axis of a 3«± 1-rod, they observed for a somewhat more 
concentrated dispersion a slow transition from random stacking layers to fee. Reus et 
al. [5] studied the structure of dilute dispersions by LS and by small angle x-ray 
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scattering. In her LS investigation she identified the layered structure by missing 
diffraction lines and was able to relate it to the final bcc crystal structure. 

At present the interest has shifted to more concentrated systems, for which LS is 
no longer the adequate method of analysis because usually such dispersions are non- 
transparent. Fortunately, meanwhile small angle neutron scattering and small angle 
synchrotron x-ray diffraction are well developed for structural investigations. These 
methods also possess the necessary penetration strength to analyze turbid materials. 

It seems to be of considerable advantage if the dispersions can be manipulated 
before the performance of scattering experiments. For example shear flow can be 
used to orient and order a sample which in turn allows more specific evaluations of 
the scattering data. Electro- and magneto-rheology have a very interesting potential 
but no examples are known at present. This paper is organized as follows: In the 
next chapter the reciprocal space and the Ewald sphere which in the case of small 
angle scattering becomes Ewald planes is introduced. In order to reconstruct the 
reciprocal space but also for ordering the sample we used two types of shear cells 
both for neutron and for x-ray scattering: A disk shear cell (resembling a plate-plate 
rheometer) and a Couette cell. Two kinds of rotation about two mutual perpendicular 
axes (called a- and p-axes) can be performed which is described in the next section. 
In the following chapter experimental results and their discussion are presented. 
Conclusions which can be drawn from our experiments are given in the final chap- 
ter. 

2. THEORETICAL CONSIDERATIONS: SMALL ANGLE SCAT- 
TERING, RECIPROCAL SPACE, EWALD PLANES, AND a- OR 
P-ROTATIONS 

It is known from rheological as well as scattering investigations that mesogenic 
systems are visco-elastic, i.e. in certain situations they are viscous like a fluid, in 
others they are elastic like a crystal. In order to understand the Bragg scattering from 
such a dispersion we begin with its reciprocal space, a concept well known to solid 
state physicists. 

There is no doubt that energetically the lowest state is crystalline. However, 
every mechanical manipulation like flow, brings a dispersion into a layered state. 
For mesogenic substances these layered states can be very long-lived. To be able to 
describe a dispersion from the very beginning of a shear experiment we assume that 
the system is layered and close packed in each layer. For charge stabilized disper- 
sions both facts can be shown experimentally. Fig. 1. According to Kittel [1] the 
reciprocal lattice of such a two-dimensional hexagonal layer is a system of hexagon- 
ally arranged Bragg rods which is rotated, however, by 90° with respect to the origi- 
nal particle layer. A cut through the Bragg rods at the height /=0 is shown in Fig. 2a. 




(a)LS (b)SANS (c)SAXS 



Figure 1: (a) LS, (b) SANS, and (c) Synchrotron SAXS of a layered dispersion. 





Figure 2 : (a) Top view on the Bagg rods of a layered dispersion ordered by shear with Miller 
indices h,k. (b) View from the side on the Bragg rods after 90° rotation about the axis (1,1)- 
(0,0)-(l,l). 



The rods are hexagonally arranged and two coordinates h, k can be used for their 
enumeration. The coordinates h, k are identical with the Miller indexes and can pos- 
ses the values h. k=0, ±1, ±2, ... There are two typesof Bragg rods [2]; With n a 
natural number, rods for which (h-k)=3n are drawn as filled (black) circles in Fig. 
2a. On the other hand rods for which (h-k)~3n±\ are drawn as open (white) circles 
in Fig. 2a. If Fig. 2a is rotated by 90® about the axis (-l,l)-(0,0)-(l,-l) one obtains 
a view on the rods from the side. The scattering intensity along the two types of rods 
is shown in Fig. 2b. Although it will be discussed later, it is important to note here 
that it is different for the two types of rods: For rods with (h-k)=3n (black rods) 
there are true Bragg reflections. On the other hand rods with (h-k)=3n±\ (white 
rods) have a much broader intensity distribution with a maximum shifted in the sim- 
plest case by 0.5 /. For both types of rods there should be the same period c*. 

Next, the occurrence of Bragg reflections will be considered. In terms of the re- 
ciprocal lattice a Bragg reflection will occur as soon as two or more points of the 
reciprocal space are simultaneously situated on the Ewald sphere. This is a sphere in 
reciprocal space with radius r*=2n/Xi, where X\ is the wave length of the incident 
radiation. Now, in a small angle experiment the radius T*=2n/Xi, is much larger than 
any reciprocal lattice vector g^k. This means that the curvature of the Ewald sphere is 
negligible and it can be replaced by a plane. 

Thus, for small angle scattering one has the simplified situation that a Bragg re- 
flection occurs as soon as two or more points of the reciprocal lattice are positioned 
on the Ewald plane. A lattice rotation is equivalent to a rotation of the Ewald plane. 
Since we want to consider the ordering by flow, the direction of flow is taken as one 
axis and rotations about it are called a-rotations. Similarly rotations in plane but 
orthogonal to the previous one are called P-rotations. In Fig. 3 we show how the 
inner ring of Bragg rods is intersected by a- and by P-rotations in a slightly different 
manner. For completeness we consider one special case of p-rotation. If p=90° Fig. 
4b applies. Now the Ewald plane slices several Bragg rods along the y* axis such 
that their scattering intensity along the / coordinate is visible. 
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Figure 3 : Inner ring of Bragg rods intersected (a) by a- and (b) by P-rotations 




Figure 4: (a) P=0°, Perpendicular incidence, (b) p=90°: Now the Ewald plane slices the Bragg 
rods along the y* axis. See also Fig. 1 3 



3. EXPERIMENTAL 

3.1 Disk shear cell and Couette cell 

Schematically, in Fig. 5 our disk shear cell is shown. It consists of a shear disk 
powered by a little motor. By selecting the rotational speed the desired shear rate can 
be chosen. For neutron scattering the shear disk and the front- and the backside win- 
dows are made from quartz glass free of boron. In a second cell for synchrotron x- 
ray scattering, almost perfect transmission is obtained with poly-carbonate windows 
and disk. The shear disk rotates in an Aluminum case coated with Teflon on the in- 
ner side which is in contact with the dispersion. At perpendicular incidence, shown 
in Fig. 7 the Bragg peaks of the solid-like ordered layers become visible. In Fig. 5 
the two axes for a- and P-rotations are indicated. Reorientation of our disk shear cell 
about these axes is possible and necessary for a determination of the intensity along 
all the Bragg rods. It should be noted that with a-rotations but not with P-rotations 
the intensity along the rods (-1,1) and (1,-1) is accessible in the usual step by step 
way. However, as we have shown recently [6], for the rods (-1,1) and (1,-1) or in 
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general for (n,-n)-rods the intensity can be obtained by tangential scattering from a 
Couette cell. 




Figure 5 : Our disk shear cell 

In order to get familiar with the Couette cell we consider Fig. 6. 







Figure 6 : Couette cell 

Shear is usually generated by the outer rotating cup. For neutron scattering the 
cup and the central static cylinder are usually made from quartz glass, free of boron. 
For synchrotron x-ray scattering a similar construction with poly-carbonate cup and 
cylinder is used. The colloidal sample is kept in the gap between the cylinder and the 
cup. As the outer cup starts rotating a linear shear gradient is set up in the gap filled 
with the sample. Usually, a translation perpendicular to the beam is carried out with 
this cell which is equivalent to a P-rotation. If the beam passes through the middle of 
the cell the scattering is called radial, if on the other hand the beam just touches the 
gap from the side the scattering is called tangential, 

3.2 Experimental Results and Discussion 

As shown in Fig. 7 at perpendicular incidence with synchrotron x-ray scattering 
many Bragg reflections can be seen. Since all these reflections can also be observed 
at other sample orientations we conclude that the scattering is due to Bragg rods, i.e. 
the sample must be layered. The example shown was obtained at the ESRF synchro- 
tron beam line ID02 in Grenoble, France. Our disk shear cell and a dispersion with 
particles of diameter a = 94nm and a particle concentration O = 34% by volume 
fraction were used. 
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Figure 7 : Bragg peaks of ordered layers 

Next, the influence of the shear rate will be investigated at normal incidence. In 
this case a=P=0° and the scattering distribution of our disk shear cell and the Cou- 
ette cell should be similar. We begin with neutron scattering data as shown in Fig. 8. 




b]i Qht r*»hlt nl 




Figure 8 : (a) Neutron scattering ILL, Dll: Couette cell, (b) Neutron scattering ILL, D1 1 : 

Disk shear cell 

These were determined with the same sample as the one described above but 
with the D1 1 small angle neutron spectrometer of the ILL again at Grenoble. Fig. 8a 
shows data which were obtained with the Couette cell of that research center. Fig. 8b 
shows the corresponding scattering data, obtained however, with our disk shear cell. 
With the exception of the amplitudes the two scattering distributions are considered 
as identical. An interpretation, however, will be given after the presentation of the 
corresponding synchrotron x-ray results which are of better resolution. 

In Fig, 9 a compilation of the synchrotron data is given. At rest we see Bragg 
peaks, with the smallest shear rate rings and double rings are obvious, with further 
increase of the shear rate single Bragg reflections are visible again. Such a scenario 
was first described by Chen et al. [7] in neutron scattering. The rings were assumed 
to result from randomly oriented crystallites, A different interpretation of the scatter- 
ing pattern was given by Versmold et al. [8] They assumed that a twist of the layered 
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system is the reason for the occurrence of the rings. For the layered system one finds 
a linear relation between ^ and (h2-^k2-^hk) [9]. A plot of ^ versus (h2+k2-^hk) 
should result in a straight line if the assumption of a twisted 2D-system is correct. 
Fig. 10 shows such a plot and convincingly demonstrates the linear relation between 
e^and (h2-^k2+hk). 



a I r«i l ordrreil hy flow ) 







Figure 9 : Synchrotron x-ray scattering 

So far due to the spectacular Bragg reflections of a solid-like ordering in the lay- 
ers this has been investigated [10-13] mainly. Much less spectacular are the liquid- 
like intensity distributions along the / direction of certain rods [14]. Although they 
are important for mesogenic systems almost no experimental investigations exist. 
They will be treated next. 

First we discuss how the intensity distribution along a Bragg rod can be meas- 
ured. According to the theoretical section given above, the rod must be intersected 
by the Ewald plane and the intensity must be determined. There are several ways 
how this can be done. We consider Fig. 3a again which shows the intersection of the 
white Bragg rods of the inner ring by the a-plane. By varying, step by step, the an- 
gle a the rods are intersected at different heights and the scattering intensity along 
the rod can be determined. Fig. 3b shows the intersection of the innermost ring by 
the P-plane. If we vary the angle P the rods will be intersected at different height and 
the step by step method described above can be applied. As an experimental exam- 
ple we consider Fig. 1 1 where the scattering power along the Bragg rod (02) for 
three shear rates is given. 
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Figure 10 : The linear interrelation between and (h2-^k2^hk) indicates a twist between the 

layers. 




Figure 11 : Step by step measured intensity along the rod (02) 

A complication occurs for the rods on the P-rotation axis. They are intersected at 
/=0 irrespective of the value of p. Here, tangential scattering comes into play. Fig. 4 
shows again two kinds of p-intersection. Fig. 4a refers to perpendicular incidence. If 
on the other hand, p=90® is chosen as in Fig. 4b, the rods on the rotation axis will be 
sliced and their scattering power all along the rod can be determined in a single shot 
[6]. Fig. 12 gives a schematic view concerning the scattering power of the rods on 
the y* axis. 
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Figure 12 : Schematic view on the rods of the y* axis 

The same sequence of the rods, black- white-white-black is found in 

tangential scattering from a Couette cell which is shown in Fig. 13. 




Figure 13 : Experimental tangential scattering from a Couette cell 



4. CONCLUSIONS 

In this contribution the determination of two kinds of ordering *in mesogenic sys- 
tems have been treated. These were: 

(a) The structure in a layer and 

(b) The structure between the layers. 

By small angle scattering and sample rotation one is able to characterize both 
structures. How this can be done is described in the paper. 
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For a dispersion of 34 Vol. % concentration made from polymer-particles of 
94nm diameter the following was observed: 

(a) After shearing the sample it was oriented and layered at rest. In the layers a 
hexagonal particle Arrangement was found. At low shear rate an elastic de- 
formation took place, which bends the Bragg reflections to rings. At higher 
shear rates Bragg spots were observed again which were attributed to sliding 
layers. 

(b) Random stacking perpendicular to the layers was found. The kinetics of 
crystallization which can be studied with the methods presented remains an 
interesting though open question at the moment. 
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COMPUTER SIMULATION STUDIES OF SOLVATION 
DYNAMICS IN MIXTURES 
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Abstract: Solvation dynamics (SD) in liquid mixtures often occurs on a slower time 

scale than predicted on the basis of the mixture dielectric properties. In one- 
component polar liquids, the SD mechanism is dominated by reorientation of 
solvent molecules in response to the change in solute charge distribution. If 
the solute polarity changes upon electronic excitation, the mixed solvent 
response includes a change in local composition. SD in mixtures will usually 
depend on the time scale of this process. The relative importance of the 
solvent redistribution step varies with solvent component polarity, 
composition, the extent of change in preferential solvation and other factors. 
Considerable progress towards understanding SD in mixtures has been made 
in recent years, through experiments, computer simulation and theory. I will 
review some of the recent results, focusing primarily on computer simulation 
studies. 



I. INTRODUCTION 

Solvation dynamics (SD) refers to the time-evolution of the solvatochromic shift 
in fluorescence spectra of solutes [1]. Large shifts are observed for large changes in 
solute-solvent interactions arising from solute electronic excitation. For typical SD 
chromophores such as Coumarin 153 (Cl 53), the dipole moment changes by about 8 
D when the molecule undergoes the So Si electronic transition. [2]. A large 
Stokes shift is therefore observed in highly polar solvents, although sizable shifts 
occur even for solvents lacking permanent dipoles, but with reasonably large 
quadrupole moments [3]. A great deal of work has been done in recent years to 
characterize the solvation response, especially in one-component polar solvents [ 1 , 
4-10]. In these media, it has been found that the response to a change in solute 
dipole is due primarily to collective solvent reorientation and that it can be predicted 
reasonably well using information on pure solvent dipolar reorientation, for 
example, from dielectric permittivity measurements, as input [1,8-10]. It has been 
found more recently that a similar solvation mechanism applies to SD in nondipolar 
solvents, provided that the change in solute-solvent interactions is primarily 
electrostatic in nature [3, 11-13]. 

However, evidence is accumulating that this physical picture is inadequate in 
explaining SD in mixtures. It is often found that changes in preferential solvation 
play a role, leading to a response that is not simply related to the dielectric properties 
of the individual components or of their mixture [14-24]. Preferential solvation can 
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also contribute to the steady-state solvatochromic shifts in solute electronic spectra, 
leading to a lack of correlation between the solvent dielectric properties and the shift 
magnitude [15, 16, 23-28]. 

While it has long been recognized that preferential solvation can play an impor- 
tant role in chemical reactivity 
in mixed solvents [29], its con- 
tributions to SD, and conse- 
quently, to reaction dynamics, 
are less well characterized. 
Several studies of SD in mix- 
tures have recently been carried 
out and insights into the contri- 
butions of local concentration 
fluctuations to the solvation 
mechanism and time scale are 
starting to emerge [14-24, 30- 
35]. 

As noted above, typical SD 
chromophores are significantly 
less polar in their ground than 
in their electronically excited 
states. In mixed solvents, the 
ground state is then likely to be 
solvated predominantly by the 
less polar of the two solvent 
components and the excited 
state by the more polar one. 
Because a change in solvation 
shell composition needs to oc- 
cur, equilibrium solvation of 
the excited state cannot be reached solely through reorientation of solvent mole- 
cules, the main mechanism of SD in one-component solvents. Solvent molecule 
translation, in addition to rotation, has to contribute to the SD mechanism, leading to 
the overall time scale that is not predictable solely on the basis of solvent component 
SD response nor from the mixture dielectric permittivity. 

The SD response is reported usually in terms of the frequency v(t) at the peak of 
the fluorescence band [1]. The experimental solvation response ftmction is given by 

;.(,) = 

where t = 0 corresponds to the time of electronic excitation (which occurs essentially 
instantaneously on the time scale of nuclear motions) and v(oo) corresponds to the 
peak frequency of the steady-state fluorescence. 

An example of S^(t) measured in a simple solvent mixture, that of acetonitrile 
and benzene, is shown in Figure 1. As can be seen from the figure, the short-time 
dynamics of solvation follow a trend that is predictable in terms of the component 
responses, while the long-time SD in benzene-rich mixtures ( jc^= 0.80 and 0.95) is 
considerably slower than in pure benzene, the more slowly relaxing solvent compo- 
nent. The slow component is also present at = 0.50, but its overall contribution 
to is quite small, indicating that the slowly relaxing component gains in im- 




Figure /. Multiexponential fits to experimental SD 
data for Cl 53 in room-temperature benzene- 
acetonitrile mixtures (Data from Luther, B.M., 
Kimmel, J.R., and Levinger, N.E. (2002) J. Chem. 
Phys. 116, 3370-3377 and (for pure acetonitrile) 
Gardecki, J.A., and Maroncelli, M. (1999) Chem. 
Phys. Lett. 301, 571-578). 





307 



portance as the mole fraction of the solvent component with a stronger electrostatic 
attraction to the excited state chromophore decreases. This strongly suggests that 
that a new SD mechanism, associated with the build-up of an increase in local con- 
centration of acetonitrile, is responsible for the slow-down in the solvation response. 
Further support for this interpretation is provided by the composition dependence of 
the steady-state solvatochromic shift, Av = v(0)-v(oo), which in the mixtures is 
larger than the value predicted by assuming ideal behavior [23]: 

A V > A Vy = + (1 - xJ^ ^ ^2) 

where the subscript ’p’ denotes pure solvent components. In the case of the Cl 53 
chromophore, =2.5Av^^^ [3]. Therefore Av>Av.^ signals the presence of 

an excess local concentration of acetonitrile surrounding the excited state chromo- 
phore. 

Nonideal behavior of solvatochromic shifts has been observed in a number of 
mixed solvents [15, 23, 25, 27, 28]. It is usually attributed to preferential solvation 
if the deviation from ideality is greater than the nonideality of the mixture dielectric 
properties [25, 28]. For example, in continuum dielectric theory, the solvation free 
energy of a dipolar solute is proportional to the 'Onsager function' [15, 25, 29] 



where e is the mixture dielectric constant. 

In a binary mixture of A and B, an ideal Onsager function would be 



where and are the dielectric constants of the pure A and B components. The 
deviation of / {e) from as a measure of nonideality in the dielectric properties 
relevant to solvation. In cases where a larger nonideality in A v than in / {e) vs 
is observed, preferential solvation is suspected. 

While this procedure is quite reasonable, it has several drawbacks. One of them 
is the fact that continuum dielectric theory does not always accurately predict elec- 
trostatic solvation free energies. It is especially poor for solvents that are nondipolar, 
but possess appreciable quadrupole moments. In such systems, the dielectric con- 
stant is not well-correlated with the strength of dipole-quadrupole interactions that 
largely determine the solvation energetics [3, 11, 13]. 

Unraveling the contributions of different SD mechanisms by experimental 
means is also a major challenge, especially in mixtures in which both solvent com- 
ponents actively contribute to the solvatochromic shift. In a mixture of a polar and 
an apolar component, for example such as alcohol-alkane, the task is a little easier 
since one can focus largely on the motion of one of the solvent components and the 
long-time decay of S^{i) can then be approximately correlated with its diffusion 
rate in the solvent mixture.[15, 22, 25, 26, 34] However even there the extent of the 
change in local concentration and its relative contribution to S^{i) are difficult to 
predict on the basis of mixture properties. 

Computer simulation studies make it possible to monitor separately the behavior 
of the two solvent components, thus providing a way to unravel their contributions 
to the different mechanisms and time scales of SD. They have therefore been quite 
helpful in elucidating the key mechanistic steps in SD in mixed solvents. 
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I will start with a review of the basics of MD simulations of SD in mixtures and 
then discuss some of the findings that have emerged from these studies. 



2. SOLVATION DYNAMICS - THEORETICAL BACKGROUND 



Connection between the peak frequency of the fluorescence spectrum and 
solvation can be made by noting that v{t) contains a contribution from the isolated- 
molecule transition energy ( ) and a time-dependent contribution, lsE{t) , due to 
the presence of the solvent [8, 36-38] 



hv{t) = E,,+^E{t) 

9 



(5) 



where the overbar indicates an average over all the solute molecules contributing to 
the observed signal. The solvation response can therefore be expressed as 



5,(0 = 5(0 = 



A£(0-A£'(oo) 

A£(0)-A£'(oo) 



( 6 ) 



When S(t) is calculated from computer simulation on a system containing a 
single solute molecule, the overbar is interpreted as an average over statistically 
independent nonequilibrium trajectories. The total Stokes shift can also be obtained 
via equilibrium statistical mechanical theory or simulation, 

A^-A^ (Ag)o-(A5), 

he he 



where (...)^ denotes an equilibrium ensemble average for the solvent in the 
presence of the ground state (n = 0) or electronically excited (n = 1) solute. 

For relatively rigid chromophores typically used to measure SD, the main effect 
of the change in the solute electronic state on the solvent environment comes from 
the change in the solute charge distribution [39]. Other changes, involving solute 
geometry, polarizability, solute-solvent dispersion and short-range repulsion occur 
as well but their effects on the time-evolution of the solvatochromic shift and its 
steady-state value are usually less pronounced. In theoretical and simulation of SD 
in mixtures containing a dipolar component, the focus has so far been the 
electrostatic perturbation in solute-solvent interactions. A£'(0 is then represented 
as a change in solute-solvent Coulomb interactions due to changes in the solute 
partial charges. Thus for a system of one solute molecule (molecule 0) and N 
solvent molecules 



j=\ae0 P 

where is the change in the partial charge of the solute site a, qj^ is the partial 
charge on the site p of the jth solvent molecule and is the scalar distance 

between these two sites. Since the above form of AE is pairwise-additive, the 
contributions to it from different solvent components can be readily identified. Thus 
in a binary mixture of components A and B. 

AE = AE^ + AEg . 



(9) 
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The solvation responses of each solvent component m ( = A, B) can be defined 
as 



5 ... A£„(0-A£,(oo) 

" A£„(0)-A£„(oo) 

and the total solvation response expressed in terms of contributions of the two com- 
ponents: 

= ( 11 ) 



where zh ^^td Zb^^'^Za are ’solvation energy difference fractions', 
A£'„(0)-A£'^(oo) 

A£:(0)-A£(oo) ^ ^ 

If AE can be considered to be a small perturbation in system properties, the sol- 
vation response can be estimated using the linear response approximation (LRA), 
which relates Sft) to the time correlation function (TCP) Cq( 0 of fluctuations 
SAE = AE-(AE) of AE in the unperturbed system, [38] 

C„(/) = (S^E(0)a^£(0)o/(l^f\ ■ (13) 

Previous studies indicate that LRA is not always applicable to solvation dynam- 
ics [20, 30, 37, 40-44]. For SD in mixtures, the LRA is expected to break down if 
the change in the solute charge distribution triggers a substantial change in local 
concentrations of the solvent components. A comparison of solvation responses 
calculated using Eqs. (6) and (13) would reveal how much this source of nonlinear- 
ity influences SD. 

When the SD response is not linear and the final solute state differs from the 
initial one (as for perturbations that lead to dipole enhancement as opposed to dipole 
reversal), it has been found that Cq(/) provides a good approximation to S(t) at 
short times, but that the longer time decay is approximated more accurately by [2, 
42,45] 

C,(0 = (iSM(0)ME(t)},/([<SAEf)^, (14) 

the TCP of SAE for the solvent in the presence of the excited-state (Si) solute. This 
reflects the fact that at the longer, diffusive, time scales more information on the 
change in solute-solvent interaction has been transmitted to the surrounding solvent. 
In mixtures, we expect that the changes in preferential solvation, which affect pri- 
marily the longer-time portion of S(t),[14, 18, 20, 24] will be reflected more accu- 
rately in C,(0 than in Q(/) . 



3. MD SIMULATION RESULTS ON SD IN MIXTURES 

The simulations of SD in mixtures can be classified into several categories. One 
of them concerns the type of perturbation in solute charge distribution. The first 
simulation of SD in a realistic model of a solvent mixture involved solute dipole 
reversal in mixtures of water and methanol at room temperature [30, 31, 46]. In this 
case, the equilibrium solvation energies for the initial and final solute states are the 
same and only the reorganization of the nearby solvent molecules plays an important 
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role in the SD mechanism. Nevertheless, preferential solvation does play a role, 
resulting in a solute-dependent solvation response. This is illustrated in Figure 2, 
which depicts the total S(t) and its contributions from the two solvent components, 
methanol (M) and water (W), at = 0.5. It can be seen from the figure that in the 
case of the 'large' solute, which turns out to be preferentially solvated by methanol, 
the solvation response is dominated by Sj^ (t ) , while the responses of the two sol- 
vent components are of approximately equal importance in the case of the 'small' 
solute, consistent with a lack of preferential solvation in this case. 




Figure 2. SD in response to a dipole reversal in a diatomic solute. Depicted are the results for 
the equimolar methanol (M) - water (W) mixture. In addition to the total response, S{t ) , 
and Xw^wi.0 are shown. The left panel is for a large solute (Lennard-Jones site 
diameter, =4.20 A) and the right panel for a small solute (cr^ =3.08 A) (Data from Skaf, 
M.S., and Ladanyi, B.M. (1996) J. Phys. Chem. 100, 18258-18268.) 

For most SD chromophores, the strength of solute-solvent interactions differs in 
the ground and excited electronic states of the solute. Subsequent simulation studies 
of SD in mixtures have focused on models which correspond to this situation [14, 
16, 18, 20, 21, 24]. Although SD experiments correspond more closely to perturba- 
tions in which the solute dipole increases in magnitude, charge creation, which 
represents the simplest electrostatic perturbation, has often been considered in com- 
putational and theoretical SD studies [1]. 

Day and Patey have simulated this type of perturbation first in a series of mix- 
tures of Stockmayer molecules [14] and then in methanol-water and dimethyl sul- 
foxide (DMSO) - water mixtures [18]. Charge creation in DMSO- water mixtures 
was also simulated by Laria and Skaf [20]. 

The Stockmayer fluid simulations involved mixtures of solvent molecules which 
differed only in the sizes of their dipole moments, with the Lennard-Jones (LJ) po- 
tential parameters and , masses and moments of inertia the same for both 
solvent species. The mixtures were simulated at constant volume and temperature. 
A representative set of results for S{t) values at different compositions is depicted 
in Figure 3. 
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Figure 3. SD in response to charge creation in Stockmayer fluids at the reduced temperature 
T* = kj ! 8^^ = 1.35 and reduced density p* = pa^ = 0.8. The four sets of curves represent 
results for different compositions of mixtures of solvent molecules S and W with dipole mo- 
ments p* = Pj = 2.0 and = 0.5. The systems 0, 3, 4 and 5 correspond to = 

1.0, 0.25, 0.10 and 0.05, respectively. (Reprinted with permission from Day, T.J.F., and 
Patey, G.N. (1997)7. Chem. Phys. 106, 2782-2791. Copyright, American Institute of Phys- 
ics.) 

These results show a dramatic slowing down of the solvation response as the 
mole fraction jc^ of the more polar solvent component decreases. In all cases, the 
fast (around 0. 1 ps) component occurs on a similar time scale, while the slowly re- 
laxing portion grows in amplitude and decreases in relaxation rate as decreases. 
The slowing down of SD reflects the increasing time scale associated with the build- 
up of enhanced local concentration of S in the vicinity of the excited state solute as 
the bulk concentration of this species decreases. 



10 

8 

Nj(t) I 
z 



0.8 

0.6 

S(t) 0.4 
0.3 
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- 0,2 



Figure 4. The top panel depicts the time-evolution of 
the coordination numbers and and of their 
sum (total); the bottom panel depicts the solvation 
response S{t ) , all for system 5 (see Figure 3 for its 
description). (Reprinted with permission from Day, 
T.J.F., and Patey, G.N. (1997) J. Chem. Phys. 106, 
2782-2791, Copyright, American Institute of Phys- 
ics.) 




Since both solvent compo- 
nents are polar, they both ac- 
tively participate in the local 
concentration change. This is 
illustrated in Figure 4, which 
shows the time-evolution of 
the coordination numbers 
Ng(t) and for system 

5 (Xg = 0.05), obtained by 
counting the number of sol- 
vent molecules within a radius 
of 1.3 around the solute. 
Note that the total number of 
solvent molecules in the first 
coordination shell 

Ng (r) + N^y (/) increases very 
slightly as time progresses, 
reflecting the fact that the two 
solvent species have the same 
LJ diameters. The slow time 
scales associated with the first 
shell population changes of 
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the two components are similar to the decay rate of S(t) after the first 3 or 4 ps. 
The extent of population change is quite large at low . For example, for system 5, 
the local mole fraction 



Ns 

Ns+K 



(15) 



is 0.05 for the equilibrated ground state solute and 0.50 for the equilibrated excited 
state solute ( / = oo ) [14]. The general trend is an increase in for the ex- 

cited-state solute as Xg decreases. At a given x^, ysi^)^Xs increases with increas- 
ing difference in polarity of the two solvent components, making the local concen- 
tration change a more important SD mechanism in such systems. 

The Stockmayer fluid system has the advantage of isolating the effects of the po- 
larity difference between the solvent mixture components from other properties of 
polar molecules such as their shapes and charge distributions. Thus one might ex- 
pect that mixtures of real polar molecules would not follow all the trends predicted 
by simulations for this model system. However, the observation that local concen- 
tration change is an important solvation mechanism in mixtures remains true for 
model solvents designed to resemble closely real polar molecules such as water, 
methanol, and DMSO [18, 20]. The observation holds even for a polar-apolar mix- 
ture designed to resemble methanol-hexane [21] and a dipolar-quadrupolar mixture 
representing acetonitrile-benzene [24]. 

In fact, despite the more complicated intermolecular interactions that include 
hydrogen (H) bonding, SD accompanying charge creation in water-methanol mix- 
tures [18] was found to resemble quite closely the behavior observed in Stockmayer 
fluid mixtures. Because of the asymmetry in the charge distrubution of the solvent 
molecules, SD in water-methanol mixtures differs for positive and negative ion crea- 
tion, but the differences affect mainly the relatively short solvation time scale. A 
much larger asymmetry in response to anion and cation creation is found in water- 
DMSO mixtures [18, 20]. This is due mainly to the fact that DMSO molecules have 
a large negative partial charge on a single site (O), while weaker positive charges are 
distributed over three sites in the 4-site interaction models used in SD simulations 
[18, 20]. Further, for the sizes of the ions considered (roughly chloride-like), the 
excited state solute was preferentially solvated by water despite the fact that DMSO 
has a larger dipole moment. This indicates that the important solvent property in 
determining its polarity is its dipole density, i.e., the dipole moment magnitude rela- 
tive to the molecular' size (see, for example, the reduced dipole definition given in 
the Figure 3 caption). By this measure, water molecules are more polar than the con- 
siderably larger DMSO molecules. 

An interesting aspect of SD in mixtures is how the short time scale mechanism, 
which consists of reorientation of solvent molecules and structural rearrangements 
within the first solvation shell, and the long time scale mechanism, which results in 
the concentration changes in the vicinity of the solute, manifest themselves in the 
component solvation responses. 

This behavior is illustrated in Figures 5 and 6, for two very different mixtures 
and perturbations in solute charge distribution. Figure 5 depicts the responses of the 
components of water (W) - DMSO mixtures of different composition to negative 
charge creation in a solute with chlorine-like LJ parameters. 
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Figure 5. Solvation responses of water (top panel) and DMSO (bottom panel) to Cl — > Cl" 
charge creation in water-DMSO mixtures of different composition. The different line styles 
correspond to the DMSO mole fractions =0.0 (full), 0.25 (dotted), 0.50 (dash-dotted), 
0.75 (short dashes) and 1.0 (long dashes). (Reprinted with permission from Laria, D., and 
Skaf, M.S. (1999) J. Chem. Phys. Ill, 300-309. Copyright, American Institute of Physics.). 

Figure 6 depicts component responses to dipole creation in a benzene-like solute 
in mixtures of acetonitrile (ac) and benzene (be). 

In both cases, the excited state solute is solvated preferentially by the more polar 
solvent component, water in the mixures shown in Figure 5 and acetonitrile in mix- 
tures depicted in Figure 6. The response of this component, 5^(0 (Fig. 5) or 
(Fig. 6), exhibits a more pronounced slowly-decaying component as its mole frac- 
tion decreases. For both S^(t) and the fast and the slow portions of the 

decay add constructively to contribute to progress towards excited-state equilibrium 
solvation, i.e., the responses approach zero from above. A different behavior is seen 
for the less polar solvent components, (Fig. 5) and *S'^(/) (Fig. 6). In both 

cases, the short-time decay in the mixtures results in negative values of these re- 
sponse functions. On a much longer time scale, these ftmctions then decay to zero 
from below. This means that the short-time solvation mechanisms, which corre- 
spond to structural rearrangements within the first solvation shell lead to 'oversolva- 
tion' by the less polar component, which then has to be partially destroyed to reach 
equilibrium. The similarities in the composition-dependence of the behavior of 
^beO) are quite striking. They both include a larger dip into negative 
range of values for the equimolar mixture than for mixtures that are both rich and 
poor in the less polar component. 
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Figure 6. Solvation responses of acetonitrile (left panel) and benzene (bottom panel) to a 
creation of a dipole in a benzene-like solute molecule in acetonitrile-benzene mixtures of 
different composition. (Data from Ladanyi, B.M., and Pemg, B.C. (2002). J. Phys. Chem. A 
106, 6922-6934.) The different line styles correspond to different benxene mole fractions: 

= 0.0 (full), 0.25 (dotted), 0.50 (short dashes), 0.80 (dash-dotted) and 1.0 (long dashes). 

Similarities between the trends in the behavior of the two solvent components 
seen in Figs. 5 and 6 are surprising in view of the fact that benzene is not even dipo- 
lar, but despite this behaves in a way that essentially mimicks the composition de- 
pendence of . This demonstrates that electrostatic solvation by dipolar and 

quadrupolar solvent molecules is quite similar, even in dipolar-quadrupolar mix- 
tures. 

The dip below zero of the less polar component response was also seem for 
Sj^ (/) in the case of charge creation in methanol- water mixtures, so it appears to be 
common for SD in mixtures in which both solvent components are active partici- 
pants and in which solute excitation leads to a change in the solvent component that 
preferentially solvates the chromophore. 

The 'oversolvation' by the less polar component in mixtures in which this com- 
ponent initially has a high local concentration, manifests itselt also in the time- 
evolution of the local population of this component. This is illustrated in Figure 7 
for SD accompanying anion creation in an equimolar methanol-water mixture. In 
addition to the total and component solvation responses, the first shell coordination 
numbers, based on the center-center distance < 4.2 A and the first shell population 
response are displayed. 
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Figure 7. SD in response to Cl" Cl in a room-temperature methanol-water mixture at 
= 0.5. The top panel depicts the solvation response ( S^{t ) ), the middle the first shell popula- 
tion response ( (/) ), and the bottom the coordination numbers for methanol (M), water (W), 
and total (T). Smooth lines are fits of P^ (/) MD data to biexponential decay. (Reprinted with 
permission from Day, T.J.F., and Patey, G.N, (1999). 7. C/iem. Phys. 110, 10937-10944. 
Copyright, American Institute of Physics.) 

Denoting the instantaneous coordination number for solvent species m as (t ) , 
the population response P^(t) is defined as 

which amounts to replacing by N^(t) in Eq. (10). (Note that the authors of 
Ref [18] use (. . .) instead of an overbar for nonequilbrium averages.) 

In this case there is a striking similarity in the behavior of 5^(/) and P^{t) for 
each of the two solvent components for most of the time interval that is displayed. 
Oversolvation by methanol manif ests itself by the presence of minima in S^ {t) and 
P^{t) and a maximum in . A rise and subsequent decay in the local popula- 

tion of the less polar solvent component has also been observed in MD studies of SD 
in water-DMSO [18, 20] and acetonitrile-benzene [24] mixtures. Day and Patey 
[ 1 8] have shown that a quasi-chemical association-dissociation model for the solute 
with both solvent components fits the of P^(J) behavior reasonably well. The Patey 
group has also developed a model based on density functional theory which can ac- 
count for the differences in the long-time decay P„{t) and S^{t) [17, 32]. 

Solute-solvent pair correlations illustrate perhaps more dramatically than do the 
coordination numbers the extent of preferential solvation and also provide informa- 
tion on the distance range over which the local concentration is enhanced. The ex- 
tent of local concentration enhancement depends on solvent composition and the 
difference in the strength and range of electrostatic attraction between the solute and 
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each of the solvent mixture components. For ionic solutes, the enhancement can be 
quite dramatic, but even for neutral dipolar solutes, substantial enhancement can 
occur at low concentration of the more polar solvent component. This is illustrated 
in Figs. 8 and 9 in which solute-solvent site-site pair distributions for ground (So) 
and excited (Si) state solutes are shown for a pure polar solvent and for solvent mix- 
tures in which this same species represents the more polar of the two solvent com- 
ponents. In Fig. 8 the more polar of the two components in acetonitrile in acetoni- 
trile-benzene miztures and in Fig. 9 it is methanol in methanol-hexane mixtures. 







Figure 8. Acetonitrile-solute pair distribution functions in pure acetonitrile (top) and in ace- 
tonitrile-benzene mixture at = 0.20 (bottom) (Data from Ladanyi, B.M., and Pemg, B.C. 
(2002). J. Phys. Chem. A 106, 6922-6934). Depicted are g ^ (left) and g (right), where + 
and - denote benzene-like solute sites for which partial charges change by +e/2 and -e/2, 
respectively, and N and Cm are the nitrogen and methyl carbon sites of acetonitrile. 

In Figure 8 , as in Figure 6 , the solute is benzene-like in its ground state. The 
partial charges of two of its C sites at relative para positions change by +e /2 and -e /2 
in the Si state. The figure depicts the pair correlations g+^(^) and g_c„ir)y where 
+ and - denote these two solute sites and N and Cm are nitrogen and the carbon of 
the CH 3 group in acetonitrile. These are depicted at mole fractions = 1.0 and 
0.20. No preferential solvation by acetonitrile exists in the Sq solute state, so the 
mole fraction dependence of and g_cmi^) modest. On the other 

hand, a large increase in the height of the first peaks of both functions with decreas- 
ing occurs for the Si state, with some additional increase extending into the sec- 
ond solvation shell in the case of g^j^(r ) , providing dramatic evidence of preferen- 
tial solvation. 







317 




Figure 9. The pair correlation between the carbonyl oxygen site of Cl 53 and hydroxyl H of 
methanol at = 0.044 in a methanol-hexane mixture (panel a) and in pure methanol (panel 
b). Dashed lines represent So state and full line Si state results. (Reprinted with permission 
from Cichos, F., Brown, R., Rempel, U., and Von Borczyskowski, C. (1999) J. Phys. Chem. 
A 103, 2506-2512. Copyright, American Chemical Society,.) 

Even more dramatic evidence of preferential solvation is displayed in Figure 9 in 
which the Cl 53 chromophore-methanol pair correlations in a very dilute methanol- 
hexane mixture, Xj^ =0.044, are compared with pure methanol results [21]. The fig- 
ure depicts pair correlations between O of the carbonyl group in C 1 53 and hydroxyl 
H of methanol. A solute-solvent H-bond is formed in both So and Si states of Cl 53. 
The H-bond peak height increases in the Si state, signaling an increase in the 
strength of this solute-solvent H-bond on electronic excitation. The increase is mod- 
est for pure methanol, but very large in the case of the =0.044 mixture. Com- 
parison of the results in the two panels further indicates that preferential solvation by 
methanol exists for both solute electronic states, but that it increases substantially in 
size and range when the solute is electronically excited. 

Given that large changes in the local composition of the ground and excited state 
solutes, the linear response approximation, which is often fairly accurate for one- 
component polar solvents [2], is less accurate in the case of mixtures [20, 24]. A 
typical result, taken from the MD data of Ref. [24] for SD in benzene-rich ( = 
0.80) acetonitrile-benzene mixtures, is shown in Figure. 10. The results for S(t) , 
obtained from nonequilibrium MD trajectories, are compared to the time correla- 
tions, Cq(/) and C,(/) , Eqs.(13) and (14), obtained from equilibrium MD data con- 
taining the solvent in the presence of the ground and excited state solutes, respec- 
tively. 

It is evident from the figure that Q(/) is a very poor approximation to S(t) at 
long times. Interestingly, C, (/) represents a much better approximation to the long- 
time portion of S{t ) , despite the fact that translational diffusion that leads to the 
build-up of the enhanced concentration of acetonitrile presumably plays a less im- 
portant role in the dynamics contributing to C, (/) than it does for S(t ) . 
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Figure 10. Comparison of the equilibrium and nonequilibrium solvation responses for dipole 
creation in a benzene-acetonitrile mixture at = 0.20, based on the data from Ladanyi, 
B.M., and Pemg, B.C. (2002). J. Phys. Chem. A 106, 6922-6934. Shown are the nonequilib- 
rium response 5(r) and the time correlations Q(/) and C,(/). 

Comparison between MD and experimental results for SD in acetonitrile- 
benzene [23, 24] and methanol-hexane [15, 21] mixtures resulted in good agreement 
between the two sets of results and confirmed that the slow solvent redistribution is 
an important mechanistic SD step in these mixtures, especially at low concentrations 
of the more polar solvent component. A recent simulation of SD involving Cl 53 in 
water-DMSO mixtures [16] also produced results in good agreement with experi- 
ment [47]. However, these results were quite different from the ion creation data 
[18, 20], some of which are displayed in Figure. 5. C153, despite a large increase in 
its dipole moment, remains hydrophobic in its Si state, so the change in local solvent 
composition surrounding it turns out to be relatively modest, resulting is a less im- 
portant role of the solvent redistribution mechanism to SD in this case. This points 
to the fact that interactions of the two solvent components with the ground and ex- 
cited state solute are an extra source of complexity in determining the mechanisms 
contributing to SD in mixed solvents. 



4. SUMMARY AND CONCLUSION 

I have reviewed here the results of recent MD simulations of SD in mixtures in 
which at least one solvent component is polar. Since interactions of the solute with 
different mixture components are different, preferential solvation usually plays a 
role, giving rise to a solvation response that is more complex than for one- 
component polar solvents. When the strength of solute-solvent electrostatic interac- 
tions changes substantially upon electrostatic excitation, dynamical processes asso- 
ciated with the change in local solvent oncentration surrounding the solute contrib- 
ute significantly, in addtion to the SD mechanisms primarily associated with orienta- 
tional relaxation of solvent molecules, the main SD mechanism in one-component 
polar liquids. Preferential solvation change introduces into SD a new, usually 
slower, time scale, dependent on the solute-solvent mutual diffusion rate. This 
mechanism was theoretically predicted by Suppan [25] and first characterized via 
MD simulation by the Patey group [14, 17, 32]. Although originally proposed for 
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polar-apolar binary mixtures [25] and first simulated for a two-component Stock- 
mayer fluid [14], it has since been shown to be relevant to a variety of mixtures con- 
taining both protic and nonprotic solvents and quadrupolar as well as dipolar mole- 
cules [16, 18, 20, 21, 24]. It has been observed in a number of experimental studies 
of SD [15, 19, 22, 23, 47]. It is thus quite likely that it also plays an important role 
in the dynamics of chemical reactions, especially those involving charge transfer, in 
mixed solvents. One might expect that it will lead to considerably slower reaction 
rates than those n the pure components or based on the rates of molecular relaxation 
processes in the mixtures in the absence of the reacting solutes. 
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USING SIMULATIONS TO STUDY VIBRATIONAL RELAXATION OF 
MOLECULES IN LIQUIDS 
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Abstract: The aim of this contribution to the summer school is to show how 

atomistic computer simulations can be used to study and interpret 
vibrational relaxation in solutions. In the first part of the article 
the three distinct relaxation rates (population relaxation de- 
coherence rate and the pure dephasing rate (T^* )“*) are intro- 
duced and theoretical expressions for the rates involving solvent- 
solute forces and solute-solvent energy derivatives are developed 
from perturbation theory. In the second part the way in which 
relaxation rates can be determined from simulations of flexible 
molecules is illustrated using the example of the stretching modes 
of the triiodide ion. The origin and explanation of the variations in 
rate are then discussed combining data from simulations of rigid 
solute molecule and the expressions from perturbation theory. 



I. Introduction 

The relaxation rates for vibrational transitions of molecules in the liquid phase 
provide a probe for the local interactions of the molecules with the solvent bath. 
They may be determined experimentally by methods ranging from the simple 
measurement of spectral line widths to sophisticated femtosecond laser meth- 
ods. There are two distinct relaxation rates which give different information 
about the magnitude and dynamics of the solvent-solute interaction processes. 

As these processes are local and molecular in origin, atomistic computer simu- 
lation may usefully be used to complement experimental studies by providing 
insight into the mechanisms at the molecular level. Atomistic simulation has 
been used to study liquids and solutions for many years. The methods are de- 
scribed in Allen and Tildesley [1] and there a many programmes available for 
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use in this field. The first calculations of vibrational dephasing were performed 
about twenty five years ago [2, 3, 4] for liquid nitrogen and hydrogen chloride. 
This was followed by a number of studies of neat liquids [5, 6 , 7, 8 ], while more 
recently it became possible to study solutions. All the early studies used rigid 
molecules in the simulation combined with perturbation theory to estimate the 
relaxation rates. However if one has a flexible model for the molecule which de- 
scribes the harmonic and anharmonic parts of the vibrational Hamiltonian, it is 
possible to study the vibrational relaxation directly, albeit for a classical rather 
than a quantum model. This has been done by a number of authors[9, 10, 11, 12]. 
Here we show how both types of calculation can be used and how the rele- 
vant quantities are extracted. The information from the two types of calculation 
(flexible and rigid) is complementary; the first giving the relaxation rates and 
the second allowing one to identify different contributions to the relaxation. As 
an illustrative example we take I 3 in a Lennard-Jones solvent.The solvent was 
parametrised to model xenon and the calculations are carried out at a state point 
(280 K and 41 1 bar) where the solvent is liquid. The flexible model of the ion is 
a semi-empirical valence bond model which we have developed [13] and used 
in earlier work on solvent-induced symmetry breaking[14]. Recently we have 
applied this model to the study of vibrational relaxation [15, 16, 17]. The details 
of the model are not important for understanding the methods of obtaining and 
analysing vibrational relaxation data which is the aspect of the work that we 
emphasise in this article. 

2. Vibrational Relaxation 

The energies of molecules in solution can be described by the Hamiltonian 

H = ( 1 ) 

where Hq is the Hamiltonian of the isolated molecule and H^b is the interac- 
tion between a particular molecule M and the bath of all other molecules in 
the solution. The molecule-bath interaction is a time dependent quantity which 
fluctuates as the molecules move relative to each other. The vibrations of the 
molecule in the gas phase can be described in terms of normal modes found 
from diagonalising the vibrational Hamiltonian Hyo which can be derived from 
the full molecular Hamiltonian Hq. In most cases the perturbation due to the 
solvent is small and the vibrations in solution can be described by the same nor- 
mal modes as in the gas phase. The main effect of the solvent is to change the 
relaxation rates, although the solvent also causes small shifts in the vibrational 
frequencies. 

There are three different relaxation times associated with each mode, T \ , Ti 
and 7^*. These terms have been taken over fi’om the NMR literature and have the 
same meaning. In many contexts it is more useful to talk about rates rather than 
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times. is the rate at which energy is dissipated from a particular vibration 
to the surroimdings. It is associated with changes in the population of the vibra- 
tional energy levels and is therefore known as the population relaxation rate or 
the energy relaxation rate. is the rate at which the vibrations in the ensem- 
ble lose coherence or become decorrelated, and is known as the decoherence 
rate or sometimes the total dephasing rate. This has two contributions, one from 
the population relaxation rate and a new term, the pure dephasing rate, (7^* )-* , 
which depends on fluctuations in the instantaneous frequency. The relationaship 
is 

^2“' = 5^r'+(7’2T'- (2) 

T 2 ^ is related to the half width of the vibrational spectral line by Aj /2 = 1 /{iTiTi). 
In many situations the decoherence of intramolecular vibrational normal modes 
is dominated by the pure dephasing term, but this is not necessarily so. In the 
NMR situation, for example, the contributions from the pure dephasing and the 
population relaxation are equal, so that T\ =T 2 . 

This discussion has assumed conditions of motional narrowing, which im- 
plies that the dephasing rate is large compared to the spread of instantaneous 
frequencies. If this is not true then the line is said to be inhomogeneously broad- 
ened and is composed of a superposition of lines from different environments. 
In a liquid environment one normally expects the conditions of motional nar- 
rowing to hold, but in solids or glasses this is not necessarily so. Pulsed laser 
experiments such as hole-burning can be used to probe the d 3 mamics of inho- 
mogeneously broadened lines. 

Useful reviews of the theory of vibrational relaxation are found in [18, 19]. 

3. Perturbation Theory and Vibrational Relaxation 

Vibrational relaxation is caused by fluctuations in the interaction between the 
molecule and the solvent. The effect of these can be treated by perturbation 
theory using the equation of motion of the density matrix a for the whole system 

[(//ov+74v+74)5^]? (3) 

where //qv is the Hamiltonian for the vibrations of the molecule, Ht is the Hamil- 
tonian of the bath (the solvent) and Hbv describes the interaction between the 
solvent and solute vibrations. 

If we concentrate on the vibrational variables and their density matrix p it is 
possible to treat the interactions with the bath as a perturbation and expand in 
powers of Hbv to obtain [20] 

J 0 



( 4 ) 
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where 

= e\p{iHovt)Hbv{t) exp(-ii/ovO (5) 

and 

p'’'(0 = Qxp{iHovt)pQxp{-iHovt). (6) 

To illustrate the properties of a harmonic system we consider a single harmonic 
oscillator with eigenstates |y) and eigenvalues Ej = (y + IjiyN. We expand the 
bath-vibration interaction in powers of the normal coordinate ^ and retain the 
first term 

i/iv=-F(0C + --, (7) 

where F — the instantaneous force of the bath on the normal mode. 

As ^ only connects states whose quantum number differs by one unit, within 
this level of approximation the fluctuations induce transitions between adjacent 
levels. Standard time dependent perturbation theory yields an expression for the 
rate of transition between level n and n-\ 

k„-i^n+k„^n-\ cos{(Ot){F{0)F{t))dt, (8) 

where S' is a quantum correction factor which depends on the temperature and 
the nature of the bath. In this expression m is the effective mass of the normal 
mode and co is the frequency in units of radians per unit time. 

A remarkable property of the harmonic oscillator is that, no matter what 
the distribution of energy, the decay is described by a single exponential at this 
level of approximation (second order perturbation theory; linear coupling to the 
bath). We may write the rate of decay of the vibrational energy E as 

E = T{-'{E-E^‘>). (9) 

This simple equation may be derived as follows. The change of energy is made 
up of the sum of terms in which single quanta are lost to or absorbed from the 
solvent. Thus 

E ft) Print (^ 0 ) 

n 

where the first term describes the loss of a quantum and the second term is the 
gain of the quantum of vibrational energy. The diagonal element of the density 
matrix p„„ is just the population of state n. Using the expression for 
above together with the fact that, to maintain thermal equilibrium, the detailed 
balance condition, = exp(-^0)/^B7’)^„_i,_„, must apply we obtain 

r,-' = Qf (l/rnksT) l\os{m){FiO)F{t))clt. (11) 
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In this expression the correlation function in the integral is a classical correlation 
function which can be determined from a classical atomistic simulation. The 
term in brackets, 



^ /tanh(/Jco/2^5r)\ 

2“-^ to/2t,7- ;• 



( 12 ) 



accounts for detailed balance and the finite temperature of the bath. Until re- 
cently this term was thought to include all the necessary corrections needed to 
account for the differences between the classical force correlation function used 
in the integral and the true quantum force correlation function so that Q was 
taken to be equal to unity. However recent work by Berne and coworkers, Skin- 
ner and co-workers and others [21, 22, 23, 24, 25] suggests that in some cases 
Q may be significantly different from unity. 

The rate of dephasing of the response of the harmonic oscillator to an os- 
cillating field is given by the equation of motion of a linear combination of 
off-diagonal elements of the density matrix, p. The signal is proportional to S 
where 

5 = (13) 

n 



As in the case of energy relaxation, for a harmonic oscillator this function de- 
cays as a single exponential with a rate equal to the decoherence rate. Equation 
2 shows that this is the sum of half the energy relaxation rate plus the pure 
dephasing rate. The perturbation expression for the pure dephasing rate is [26] 



inr' = r(8o)(0)5co(/)>^//, (14) 

JO 

where 5(o(^) is the value of the difference between the instantaneous frequency 
and the average frequency of the oscillator in the bath. If the oscillator were truly 
harmonic, solvent frequency shifts would only occur as a result of quadratic 
and higher terms in the solvent-solute interaction. Hence the expansion of the 
molecule-bath interaction must be taken to second order 

^^6v = + + (15) 

/ ij ^ 



where Kij{t) is the curvature term (the second derivative of the molecule-bath 
interaction with respect to the normal coordinates). However in most real situ- 
ations this is not the most important term and it is necessary to include anhar- 
monic terms in the molecular potential. The vibrational potential energy of an 
isolated molecule expressed as a function of the mass-weighted normal coordi- 
nates is 

Voy = X UuQ + X + ... 

i ^ ijk ” 



(16) 
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where fijk are coefficients of cubic anharmonicity. Combining equations (15) 
and (16) gives an instantaneous potential energy which is a cubic function of 
the normal coordinates and which includes linear terms. The nearest minimum 
is found by equating the derivative of the potential energy to zero, which gives 
to lowest order 

(17) 

The instantaneous frequency tOy(t) is related to the second derivative of the total 
potential energy at the minimum, and is given by 

(/)• (18) 

When the value for is inserted, we can rewrite this as 

= kjj\\ +Kjj{t)lkjj + Y.fmFk!{kkkkjj) + ...]. (19) 

k 

Using the fact that the instantaneous solvent frequency shift is small compared 
to the gas phase frequency, and applying the expansion ( 1+x) = 1 +x/2 -f . . . 

we obtain 



/WCOy = 



( ) = kjj +^yy(0 +I/.7*Cr'" 



co,(0 = (0,o[l +...]. (20) 

k 



Hence the average solvent shift is (to lowest order) 



(C0y(/)> - COyO = 



(^yy(O) , IkfjjkjFk) ^ 

Is/mkjj 2{kkky/mkjj)' 



( 21 ) 



and the instantaneous fluctuation in frequency due to the solvent fluctuations is 
(to lowest order) 



5(0(0 I (^7y-(^y7)) 

'' Ikkky/mkjj 2y/mkjj 



( 22 ) 



There are two types of terms in this last expression; the first term is the sum of 
the cross terms between cubic anharmonicities and solvent forces on the various 
modes while the second term is the solvent contribution to the curvature of the 
potential. Thus we may write 



5(0y (0 = A/7 + (23) 

where Ap is the shift due to the solvent force and Ax is the shift due to the 
curvature term. It should be noted that the forces on both the same mode and 




329 



other modes may contribute to the instantaneous solvent force shift because of 
cross terms fjjk in the cubic anharmonicity. 

Using this division of the instantaneous frequency shift into solvent force 
and solvent curvature terms we obtain 

— = / (A/r(0)A/r(/))t/r4- / {^K{^)^K{t))dt 
I 2 Jo Jo 

+2 r{Ap{0)AK{t))dt, (24) 

Jo 

which can be rewritten in terms of a sum of terms fi*om solvent forces, solvent 
curvature and their cross interaction as 

— = (A^)tf -f (A|)ta: -\-2{AfAk)^fk- (25) 

h 

The correlation times in this equation are defined by, for example, 

Xf= [ {AF{0)AF{t))dt/{Af). (26) 

Jo 

These equations can now be used in the analysis of simulation results. 

4. Vibrational relaxation from simulations of flexible molecules 

The examples that we use to illustrate this article are the two stretching modes 
of the the triiodide ion I 3 which is linear and centro-symmetric in the gas phase. 
It has three distinct normal modes which are determined by symmetry to be the 
symmetric stretch, the antisymmetric stretch and the bend; the last of these is 
doubly degenerate. Figure 1 shows the stretching normal modes. 



symmetric 



antisy mm etiic 



Figure 1. Normal modes of linear and symmetric I 3 in the gas phase. 

There are two ways of estimating vibrational relaxation rates from simula- 
tions. One way is to measure the energy relaxation rate and the decoherence 
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rate from a simulation in which the molecules are flexible and vibrate. The ac- 
curacy of this method depends on the accuracy of the intramolecular potential 
and the intermolecular potential. The other way is to carry out a simulation with 
rigid molecules and evaluate the correlation functions needed for the perturba- 
tion theory expressions. These methods are complementary as flexible simula- 
tions include all anharmonic effects, while perturbation theory allows one to 
investigate the relative importance of different contributions. We first consider 
the direct determination of the relaxation rates from simulations with flexible 
molecules. 

4. 1 . DETERMINING DECOHERENCE RATES 

The most convenient way to determine is to examine the time correlation 
function of the derivative of the normal modes, as this derivative is just a linear 
combination of atomic velocities: 

C/ “ (27) 

where Vpa is the a component of the velocity of atom p in the molecule-fixed 
frame and c/^a are the coefficients relating the atomic displacements of atom p in 
direction a to the normal modes i. If the time correlation function of the velocity 
of the ith normal mode has the form of an exponentially decaying oscillation 

(0(0)C/(0) = (t?>cos((o,■Oexp(-^/r2), (28) 

then the value of can be determined. 

Time correlation functions should be constructed using averages over many 
time origins for a long simulation [1]. The accuracy of the results depends on the 
quality of the fit as well as the accuracy of the correlation function and can be 
estimated by the method of block averages. In practice the decay of the normal 
mode velocity correlation function may not be exponential at very short times 
or at long times. Thus it is best to fit the data for a limited time range to the 
function 



(C(0)t(0)/(t?) =^cos(2jcv,/)exp(-//r2), (29) 

where A is a constant (close to unity), v, is the vibrational frequency and Ti the 
required vibrational decoherence time. 

Figure 2 shows an example of the velocity correlation functions for the two 
modes at a particular state point and the function obtained by fitting to equation 
(29) while Table 1 shows the values of the parameters determined from this data. 

The fit to the data in figure 2 is excellent for the time range shown; it is 
only just possible to distinguish the dashed curve of the fit from the solid line of 
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Figure 2. Normalised velocity time correlation functions (solid line) and their fit (dashed line) 
for I J in Xe at 280 K. Above: anti-symmetric mode; below: symmetric mode. 



TABLE 1. Fitting data in Figure 2 by equation (29). 



mode (i) 


A 


v/cm * 


Tj' /ps-' 


symmetric (s) 


0.97 


90.6 


0.52 


antisymmetric (a) 


1.02 


139.4 


0.32 



the observed curve at the longest times in the figures. At even longer times one 
sees a revival of the oscillations. This is a well known problem in simulations of 
phonons and is probably due to the presence of periodic boundaries. 
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4.2. DETERMINING ENERGY RELAXATION RATES 

The energy of an oscillator is made up of potential and kinetic energy terms. 
The kinetic energy correlation functions for a particular mode j is a decaying 
oscillation. For an ideal harmonic oscillator it would be given by 

= 0.5(t])[exp(-^/ri) + cos(2(0/)exp(-?/72(2co))], (30) 

where r2(2co) is the relaxation time for the overtone response. Again the real 
data may be fitted over a limited range to 

(0(0)^Cy(0^>/(Cy)=^exp(-//7i) + (l-.4)cos(4jiV;Oexp(-r/72(2o))). 

(31) 

In principle, fitting the data to this equation gives the decoherence rate of the 
overtone frequency (72(2co))“^ in addition to the population relaxation rate, 
although it may not be possible to determine the former very accurately. 

Alternatively the kinetic energy correlation function may be smoothed by 
taking running averages over times comparable to the period of oscillation and 
then fitting the result to a simple exponential decay. Figure 3 shows both meth- 
ods of fitting the data. For this particular example the values obtained from the 
two fitting methods are shown in Table 2. 



TABLE 2. Fitting data from Figure 3 (left and right panels). 



mode (i) 


A 


T7‘ /ps-' 


2v/cm * 


( 12 ( 2 ( 0 ))-' / ps-' 


left panel 
symmetric (a) 


0.47 


0.46 


178.8 


1.5 


antisymmetric (s) 


0.50 


0.10 


278.0 


0.9 


right panel 
symmetric (s) 


0.46 


0.45 






antisymmetric (a) 


0.50 


0.10 







Once the decoherence and energy relaxation rates have been determined 
the pure dephasing rate (72)“* can be found from equation (2), which can be 
rewritten 

(72*)-* -O.srf*. (32) 

The corresponding equation for the overtone relaxation is 

(r2*(2(o))-' = r2-'(2(o)-rf*. 



(33) 




Cvv^(t) CvV(0 
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Figure 3. Kinetic energy time correlation functions (solid line) and their fit (dashed line) for 
in Xe at 280 K for the two modes. The graphs on the left show the original data, while those on 
the right show the data averaged over a vibrational oscillation and plotted logarithmically. The 
straight lines in the latter show that the energy relaxation is exponential. 



From the data in Table 1 and Table 2, the pure dephasing rates for symmetric 
and antisymmetric modes are found to be 0.29 ± 0.04 and 0.27 ± 0.04 ps”* re- 
spectively. The pure dephasing rates for symmetric and antisymmetric overtone 
frequencies are 1 . 1 ± 0. 1 ps“ * and 0.8 ± 0.2 ps*" ^ respectively. The ratios of the 
rates of relaxation of the overtone to that of the fundamental are 3.6 ± 1 . 1 and 
3. 1 ± 1 . 1 for the symmetric and antisymmetric modes respectively. 

4.3. USING PERTURBATION THEORY 

The advantage of using perturbation theory is that one can analyse different 
contributions to the relaxation. The perturbation theory expressions for both 
energy relaxation and pure dephasing have been given above in equations (11) 
and (25). In order to use these equations one carries out a simulation with no 
vibrations, that is with a rigid molecule, and monitors the force on each normal 
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mode j 

~ ipgf^pa^ (34) 

/7,a 

where Fpa is the component of the force on atom p in the direction a defined in 
the molecular axis trame. The transformation coefficients cy^a define the normal 
coordinates in terms of atomic displacements (see equation (27)). From these 
forces one then constructs time correlation functions and hence their integrals 
and spectral densities. For the dephasing one needs 

r {bFj{(S)hFj{t))dt = {^F})xfj, (35) 

J 0 

where 5Fj is the difference of the instantaneous force and the average solvent 
force. The required integral for the energy relaxation is 

{Fj{0)Fj{t)) cos((Ojt)dt = { 6 F/)>y(C 0 ;), (36) 

where is known as the spectral density of the fluctuations at frequency 

CO. The contribution of the curvature to the dephasing depends on the time corre- 
lation of the fluctuations in Kjj, The instantaneous value of this quantity could 
in principle be determined analytically, but in practice may be easier to find 
from a finite difference method from changes in the forces or energies when 
small displacements are made along the normal coordinates. The off diagonal 
elements such as Kij can be neglected as their effect is small. Finally the cross 
terms between the force and curvature terms must be taken into account. 

4.3.1. Energy relaxation 

Figure 4 shows the fluctuating force distributions for antisymmetric and sym- 
metric mode respectively. The first thing to note is that, although the distribu- 
tion of fluctuating forces on the antisymmetric mode is symmetric about zero 
as is required by symmetry, there is a mean force acting on the symmetric 
mode which tends to stretch the molecule. The mean square fluctuating forces 
(5F^) = {{F^ -F^)) can be determined from this data; values are given in Table 
3. 

It is more difficult to determine the spectral densities accurately. Figure 5 
shows the integral 

y((O,0= f{dFjiO)bFj{t))cos[(i>jt)dt/{bFf), (37) 

J 0 

whose asymptotic value at long times gives the required spectral density. 

One can see that although there is quite a bit of noise in the integral, it 
is possible to estimate the asymptotic values for each mode. The frequencies 
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5F / 10 J mol ' a ’ 



Figure 4. Fluctuating force distributions for I3 in Xe at 280 K for antisymmetric (solid line) and 
symmetric mode (dashed line). Note the shift for the symmetric mode. 



used here are the vibrational frequencies obtained from the earlier fitting of 
flexible molecule simulations. The energy relaxation rates for symmetric and 
antisymmetric modes are shown in Table 3. As the ratio 7 is less than one 



TABLE 3. Components of equation (1 1) from Figure 4 and Figure 5. 



mode (i) 


Qo 


(8 f 2) 


y((o)/ps 


Tr' /ps-‘ 


symmetric (s) 


0.98 


9.0 


0.019 


0.57 


antisymmetric (a) 


0.96 


5.3 


0.008 


0.14 



the quantum correction for detailed balance Qo^l, and the additional quantum 
correction Q is also expected to be unimportant. 

It should be remembered that the vibrational frequencies of the triiodide ion 
are much lower than most molecular vibrations (100 cm“^ rather than 1000 
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Figure 5. Determination of the spectral densities of fluctuating force for in Xe at 280 K 
for antisymmetric (solid line) and symmetric mode (dashed line). The graph shows the integral 
y((0,r), whose asymptotic value at long times is the required spectral density. 



cm"^). The problem of obtaining accurate spectral densities at higher frequen- 
cies is considerable and methods have been suggested for extrapolation of the 
spectral density from low frequencies [27]. 

4.3 .2. Pure dephasing 

Figure 6 shows the distribution of the instantaneous solvent frequency shifts 
together with the contributions from the fluctuating force and the fluctuating 
curvature. All the contributions give a net high frequency solvent shift (blue 
shift). Although the total frequency distributions are very similar for the two 
cases, there is a marked contrast between the two modes. Although curvature, 
force and their cross terms contribute to the mean shifts of both modes, the 
fluctuations in the antisymmetric mode frequency are due almost entirely to 
the force contribution. The values of the mean square frequency fluctuations 
which are required for evaluating the pure dephasing rates from equation (25) 
are given in Table 4. The correlation times can be found from the integrals of the 
normalised frequency correlation functions. Figure 7 shows these correlation 
functions and their integrals for each contribution and for the total. It can be 
seen that it is difficult to determine the correlation times accurately although in 
every case the integrals reach a plateau. The data from Figure 6 and Figure 7 
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Figure 6. Instantaneous frequency distributions for I 3 in Xe at 280 K for antisymmetric (solid 
line) and symmetric mode (dashed line). Above: contribution from F; middle: contributions from 
K; below; totals. The frequencies are measured relative to the gas phase values. 



used in the determination of the pure dephasing rate are collected together in 
Table 4. 

One finds that for both antisymmetric and symmetric modes, the time corre- 
lation functions for the different contributions, that is the fluctuations from the 
force F, the curvature AT, and their cross term FK, have almost the same form 
and very similar correlation times. For the antisymmetric mode, the force term 
contributes about 90% to the total pure dephasing rate, the curvature term 1%, 
and the cross term about 9% to the total pure dephasing rate. However, for sym- 
metric modes, the force term contributes only about 36%, while the curvature 
term contributes about 21%, and the cross term about 43 %. Most molecular 
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Figure 7. Fluctuating frequency autocorrelation functions (left panel) and their time integrals 
(right panel) for in Xe at 280 K for antisymmetric (solid line) and symmetric modes (dashed 
line). From top to bottom: contribution from F; contributions from K; contributions from the cross 
FK; totals. 



vibrations that have been studied have a very small contribution from the curva- 
ture term which is often neglected. 

The analysis of the pure dephasing presented in this article is based on the 
premise that there is motional narrowing of the vibrational spectral lines so that 
they are homogeneously broadened. We can now check the self consistency of 
this assumption. If it is correct then or equivalently the dimensionless 

quantity a = x\/a^ < 1. Using the data in table 4 and converting to consistent 
units one obtains = 0.20 and = 0.21 for antisymmetric and symmetric 
modes, confirming that the criterion for motional narrowing is met. Hence the 
spectral line shapes are predicted to be Lorentzian. Another criterion for the self 
consistency of the analysis is that the relaxation rates from flexible molecule 
simulations and from perturbation theory are in agreement. If this is not so it is 
likely that the effects of anharmonicity are larger than expected and the pertur- 
bation theory should be taken to higher order. Table 5 compares the relaxation 
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TABLE 4. Components of equation (25) from Figure 6 
and Figure 7. 



mode (i) 


symmetric (s) 


antisymmetric (a) 


T/r / ps 


0.22 


0.22 


(A^) / cm“^ 


9.7 


21.2 


(r2*)^'/ps-> 


0.08 


0.17 


T/r/ps 


0.21 


0.24 


(A|->/cm-2 


6.0 


0.4 




0.045 


0.003 


xfk / ps 


0.20 


0.18 


(A/tAa:) / cm"^ 


6.4 


1.7 




0.09 


0.02 


t,o, / ps 


0.21 


0.22 


(A?„,)/cm-2 


28.6 


25.0 


(r2*)-'/ps-' 


0.21 


0.19 



TABLE 5. Comparison of the rates from flexible and rigid (perturbation theory) 
simulations. 





r,-' 


/ps-' 




* /ps ^ 


mode (i) 


rigid 


flexible 


rigid 


flexible 


symmetric (s) 


0.57 ±0.09 


0.45 ± 0.06 


0.21 ±0.02 


0.29 ± 0.04 


antisymmetric (a) 


0.14±0.04 


0.10 ±0.05 


0.19±0.04 


0.27 ± 0.04 



rates from the two types of simulation, which are in agreement within the es- 
timated uncertainties. The latter are estimated from comparing the values from 
independent blocks of each simulation. 



5. Conclusions 

In this article we have shown, using the vibrations of a flexible model of the 
triiodide ion as an example, how information about the different types of vibra- 
tional relaxation rates can be determined from simulations and how perturbation 
theory can be used to interpret the results. 
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COMPUTATIONAL METHODS FOR ANALYZING THE 
INTERMOLECULAR RESONANT VIBRATIONAL 
INTERACTIONS IN LIQUIDS AND THE NONCOINCIDENCE 
EFFECT OF VIBRATIONAL SPECTRA 



HAJIME TORII 

Department of Chemistry, School of Education, Shizuoka University,836 Ohya, Shizuoka 422- 
8529, Japan 



1. INTRODUCTION 

In the liquid phase, vibrational dynamics and spectra of molecules are affected 
more or less by intermolecular interactions. There are two types of such effects. One 
of them is responsible for the modulation of the vibrational frequencies of each 
molecule, and is called “diagonal”. This effect is operating even for a solute mole- 
cule in a dilute solution, and gives rise to a solvation-induced vibrational frequency 
shift. This effect also induces vibrational dephasing, since the magnitude of the sol- 
vation-induced frequency shift is modulated as time evolves according to the liquid 
dynamics. The other type of the effects of intermolecular interactions on vibrational 
dynamics and spectra arises from the direct coupling of vibrational modes of differ- 
ent molecules in the system. It is called “off-diagonal”, because it is represented by 
the off-diagonal terms of the force constant matrix. This effect manifests itself most 
clearly in the resonant case, where the intrinsic frequencies of the interacting vibra- 
tional modes are sufficiently close to each other as compared with the magnitude of 
the coupling. 

In the frequency-domain picture, intermolecular resonant vibrational interaction 
(off-diagonal according to the above classification) gives rise to delocalization of 
vibrational modes. When the vibrations of two molecules are resonantly coupled as 
shown in Figure 1 (a), we obtain two delocalized normal modes. One of them is the 
symmetric (in-phase) linear combination of the vibrations of the two molecules, and 
the other is the antisymmetric (out-of-phase) counterpart. The symmetric one is lo- 
cated on the lower-frequency side when the vibrational coupling is negative, and on 
the higher-frequency side otherwise. When the vibrations of many molecules are 
coupled with varying magnitudes in the liquid, the vibrational pattern of each delo- 
calized normal mode is not so simple. However, even in this case, the frequency 
positions of delocalized normal modes are affected in a similar way by the vibra- 
tional patterns and the vibrational coupling constants. 
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Figure 1. Intermolecular resonant vibrational interaction in (a) the frequency-domain picture 
and (b) the time-domain picture. 

The noncoincidence effect (NCE) of vibrational spectra [1-4] is a phenomenon 
that is relevant to the frequency-domain picture of intermolecular resonant vibra- 
tional interaction. This effect refers to the spectral feature that the vibrational fre- 
quency positions of the infrared (IR), isotropic Raman, and anisotropic Raman com- 
ponents of a vibrational band do not coincide. In particular, the difference in the 
frequency positions between the isotropic and anisotropic Raman components is 
examined most often, and is called Raman noncoincidence. The NCE is observed in 
the cases where the vibrational patterns generating strong isotropic Raman intensi- 
ties are different from those generating strong anisotropic Raman intensities or 
strong IR intensities, and the modes with these particular vibrational patterns are 
located at different frequency positions. Generally, the modes with large contribu- 
tion from the in-phase linear combination of the vibrations of the molecules in the 
system have strong isotropic Raman intensities. However, the vibrational patterns 
generating strong anisotropic Raman intensities or strong IR intensities depend on 
the relative orientation of molecules [5]. In many cases, the intermolecular resonant 
vibrational interaction that gives rise to the NCE is determined by the transition di- 
pole coupling (TDC) mechanism [3,4,6]. As described below in section 2, a TDC 
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constant depends on the distance and relative orientation of the molecules involved 
in the coupling. Therefore, analysis of the sign and the magnitude of the NCE eluci- 
dates the distances and relative orientations of the molecules in the liquid system, 
i.e., the liquid structures. 

In the time-domain picture of intermolecular resonant vibrational interaction, a 
vibrational excitation localized on one or a few molecules cannot be regarded as an 
eigenstate of the liquid system, and is rapidly transferred to other molecules, as 
shown schematically in Figure 1 (b). When the molecules involved in the coupling 
are oriented randomly in various directions, the polarization of the vibrational exci- 
tations initially made will decay rapidly as time evolves. Experimentally, such a 
phenomenon has been observed recently for the OH stretching mode of liquid water 
[7]. In this experiment, the transient absorption of the OH stretching band is meas- 
ured after it is excited by an ultrashort IR pump pulse ('-200 fs), and it is found that 
the anisotropy of the transient absorption decays in a very short time (almost instan- 
taneously). It has been shown [8] that the decay rate of the transient absorption ani- 
sotropy in the time domain has some relation with the magnitude of the NCE in the 
frequency domain. 

In the present paper, we review the computational methods for analyzing the in- 
termolecular resonant vibrational interactions in liquids and the NCE of vibrational 
bands. Although there exists a useful analytical method to treat the NCE [3,9,10], it 
is applicable only to dipolar (pure and mixed) liquids and dipolar-nonpolar liquid 
mixtures. To examine the cases of hydrogen-bonding liquids, numerical methods are 
essential. Numerical methods are also useful to treat the time-dependent phenomena 
arising from intermolecular vibrational interactions, and to examine the competing 
roles of the diagonal and off-diagonal effects. The present paper shows the ways of 
using numerical methods to solve such problems with some examples. 



2. TRANSITION DIPOLE COUPLING: THE ROLE OF DIPOLE 
DERIVATIVES 



Transition dipole coupling (TDC) is an electrostatic interaction between molecu- 
lar vibrations. It is harmonic in the sense that it is represented by the second deriva- 
tive (not by a higher derivative) of the interaction potential energy with respect to 
vibrational coordinates. The explicit formula for the TDC may be derived as fol- 
lows. The potential energy arising from the dipole-dipole interaction between mole- 
cules m and n is expressed as 



mn) 



( 1 ) 



where fim and ^ are the dipole moments of molecules m and «, is the unit 
vector along the line connecting the two dipoles, and is the distance between the 
two dipoles. The formula for the TDC is obtained as the second derivative of this 
equation with respect to the vibrational coordinates of molecules m and «, which are 
denoted as and It is given as 
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[For high-frequency intramolecular modes, we can safely neglect the contribu- 
tion of the cross terms {dfijdqn and dfiyjdqjr!) and the derivatives of R^n and 
with respect to q^n and/or This mechanism is called transition dipole coupling, 
because the dipole derivatives dpidq appearing in this formula are related within the 
harmonic approximation to the transition dipole for the vibrational transition v = 0 
-> 1 (or V = 1 -> 0) as 



<0\ju\l>= 






<om> 



( 3 ) 



On the basis of this relation, the dipole derivative is obtained from the IR inten- 
sity, which is proportional to the square of the transition dipole. A large TDC con- 
stant is expected for a mode with a strong IR intensity. 

More generally, dipole derivatives represent the response of molecular vibrations 
to external electric field [11]. In the case of IR absorption or emission, the electric 
field of radiation interacts with molecular vibrations. The formula for the TDC may 
be regarded as representing the response of a molecular vibration (of molecule m) to 
the dipole field of another molecule («). Since the dipole field is modulated by mo- 
lecular vibration (of molecule «), we obtain a direct coupling between the vibrations 
of different molecules {m and n). If, on the other hand, the dipole field is modulated 
more slowly, e.g., by molecular translations and rotations, we obtain a displacement 
of molecular structure along vibrational coordinate. This phenomenon, called vibra- 
tional polarization, is an origin of the modulation of vibrational frequencies [12-14] 
and other molecular properties [15-19] in condensed phases. 




< <■ 



(a) 




(b) 



©e 



(C) 







(d) 



Figure 2. Scheme of typical cases where negative [(a) and (b)] and positive [(c) and (d)] in- 
termolecular resonant vibrational interactions are operating according to the TDC mechanism. 
The transition dipoles of molecules are denoted by arrows. Reprinted with permission from 
H. Torii, J. Phys. Chem. A 106, 3281-3286. Copyright (2002) American Chemical Society. 

According to Eq. (2), the numerator depends on the relative orientation of the 
molecules involved in the coupling, and the denominator depends on the intermo- 
lecular distance. As a result, a TDC constant is sensitive to the liquid structure. 
Typical cases where negative and positive TDC constants are obtained are shown in 
Figure 2, where transition dipoles are represented by arrows. We obtain < 0 in 
the case of Figure 2 (a), since we have 0 < {^pjdqjr^ • (5/4,/^^„) < 3 [(^/^/^^m) • 
^mn] I^e case of Figure 2 (b) also, we obtain F^n < because 
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we have {dfijdq„) • (d^dq„) < 0 and (d^dq„) • n„„ = (dfi^dq„) • n„„ = 0. By 
contrast, > 0 is obtained in the cases of Figure 2 (c) and (d). 

When the transition dipole of the mode in question is parallel to the molecular 
permanent dipole, as in the case of the C=0 stretching mode of acetone, the confor- 
mations shown in Figure 2 (a) and (b) are more stable than those shown in Figure 2 
(c) and (d) because of the dipole-dipole interaction of permanent dipoles [Eq. (1)], 
and hence negative TDC is dominant when thermal average is taken. Then, the nor- 
mal modes with large contribution from the in-phase linear combination of the vi- 
brations of the molecules in the system, which tend to have strong isotropic Raman 
intensities, are likely to be located at lower-frequency positions than those with other 
vibrational patterns. A positive value of v^cE '^aniso ~ Mso) obtained as a result. 
(Here, vJsq and Vaniso are the vibrational frequencies of the isotropic and anisotropic 
Raman components.) However, even when the intermolecular vibrational interaction 
represented by the second derivative of the potential energy is dominated by the 
dipole-dipole interaction [TDC shown in Eq. (2)], it is possible that the potential 
energy itself is dominated by another type of interaction, such as hydrogen-bonding 
interaction. In such a case, a large number of closely located pairs of molecules may 
be oriented in a way that their vibrational transition dipoles are positively coupled to 
each other, as shown in Figure 2 (c) and (d). Therefore, various behavior of NCE 
may be considered on the basis of the TDC mechanism. 

3. COMPUTATIONAL METHOD OF ANALYSIS 1 : MD/TDC 
METHOD 

3.1 BASIC CONCEPT AND COMPUTATIONAL SCHEME 

For liquids consisting of polyatomic molecules, calculations of vibrational spec- 
tra may be computationally demanding if all the vibrational degrees of freedom are 
taken into account. However, when the vibrational mode of interest in each molecule 
is sufficiently well separated in frequency from the other modes, it is considered 
reasonable to construct the vibrational Hamiltonian only on the basis of the vibra- 
tional mode of interest, neglecting any possible intramolecular mode mixing induced 
by intermolecular interactions. In this case, each molecule is treated as an oscillator 
playing the role of a vibrational exciton, and the force constant matrix (F matrix) of 
the liquid system is constructed by properly taking into account the intermolecular 
resonant coupling between those vibrational excitons. Since the vibrational bands 
exhibiting large NCE generally have strong IR intensities (and hence large dipole 
derivatives), it is reasonable to expect that the TDC mechanism plays a major role in 
the intermolecular vibrational coupling. 

The computational method developed on the basis of this concept, called 
MD/TDC method [4,20], is shown schematically in Figure 3. In this method, mo- 
lecular dynamics (MD) simulations are carried out first, and hundreds of configura- 
tions of liquid structure are sampled with reasonable time intervals. (Monte Carlo 
simulations may also be used for this purpose. The method is called MC/TDC in this 
case [4].) Then, each molecule is treated as an oscillator, representing the vibrational 
mode of interest. Each oscillator has its own intrinsic vibrational frequency, dipole 
derivative (transition dipole), and polarizability derivative (Raman tensor). These 
properties may depend on the environment of each molecule, e.g., the hydrogen- 
bonding condition. The F matrix of the coupled-oscillator system is then constructed 
for each configuration of liquid structure. Each diagonal term is calculated as the 
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square of the intrinsic vibrational frequency (after appropriate conversion of unit). 
The off-diagonal terms are determined by the TDC mechanism. The F matrix thus 
constructed is diagonalized to obtain the normal modes of the liquid system. Each 
eigenvector represents the vibrational pattern of the normal mode dq^fj/dQ^, i.e., the 
relative amplitude (including the sign) of the molecular vibrations in the normal 
mode (0jt). The IR and Raman intensities of the normal modes are obtained from the 
product of the eigenvectors with the tensors of dipole derivatives ipPrnldqrn) 
polarizability derivatives {da^dq^^^. From these intensities and the vibrational fre- 
quencies calculated as the square root of the eigenvalues, we obtain the IR and Ra- 
man spectra. 



Comomalionni Scheme of the MD/TDC Method 
1 MD simulations 

— ^ Liquid structure 

2. Treat each molecule as an oscillator 
(represeniirrg the vibrational mode of interest) 







Diagonal term 
(depending on ttie 
hydrogen-bonding 

condition, etc.) 











m 

























3. Construct the F matrix 
A Diagcnalire the F matrix 



Normal modes of the liquid system 

5 Calculate the product of the normal modes 
with the UansHioii dipoles and Raman tensors 

— IR and Raman spedra 



Figure 3. Computational scheme of the MD/TDC method. 

The spectra obtained in this way are ‘stick spectra’ even after taking the statisti- 
cal average of the liquid structure, because the effects of vibrational and rotational 
relaxation are not taken into account. An effective way to implicitly include these 
effects is to broaden each stick with appropriate band shape functions (in Gaussian, 
Lorentzian, or other forms). 

Since liquid structures are sampled by MD, this computational method is appli- 
cable to any type (nonpolar, dipolar, or hydrogen-bonding; pure or mixed) of liquids 
if the intermolecular interactions are represented in a way that can be treated by MD. 
Hydrogen-bonding liquids like liquid methanol and its mixture [4,20,21] are good 
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examples showing the usefulness of this method. However, since the mechanism of 
intermolecular resonant vibrational interaction is limited to TDC, it is not applicable 
to a case such as liquid 1,2,5-thiadiazole [22], where the NCE is observed for a 
mode ( v^) with weak IR intensity. 



3.2 INCLUSION OF THE EFFECT OF LIQUID DYNAMICS 

For vibrational bands of the solute in a dilute solution, it is well known that the 
IR and anisotropic Raman band profiles are broadened to some extent by rotational 
relaxation that arises from liquid dynamics. This effect may be treated explicitly in a 
simple way by using the time correlation functions of the molecular orientation. For 
pure liquids and concentrated solutions also, the IR and anisotropic Raman bands 
tend to be broader than the isotropic Raman band. In the presence of intermolecular 
resonant vibrational interaction, however, theoretical treatment of the effect of rota- 
tional relaxation is not so simple. For example, suppose that two molecules are lo- 
cated as shown in Figure 2 (a). When the molecule on the left-hand side rotates by 
180®, we obtain the situation shown in Figure 2 (c), with a positive instead of nega- 
tive intermolecular vibrational interaction. It is therefore understandable that mo- 
lecular rotations in liquids give rise to changes in the intermolecular vibrational in- 
teractions and, hence, in the vibrational patterns of the delocalized normal modes of 
the liquid. If the changes in the vibrational patterns are significant, effects of rota- 
tional relaxation on vibrational spectra cannot be simply treated by time correlation 
functions of the orientation of individual molecules. 

To include explicitly the effects of liquid dynamics in the presence of inter- 
molecular resonant vibrational interaction, the time evolution of vibrational excita- 
tions should be calculated [23]. For modes with hco» kT, the IR spectrum is ex- 
pressed as 



00 3 

I^^^\co) = Re I dtcxp{io)t) <0] |0>) (4) 

0 '•=1 

where |0> is the wave function of the ground state, ^ is the dipole operator (with r = 
1 , 2, and 3 correspond to the jc, y, and z directions), the large bracket denotes statisti- 
cal average, and U(t) is the time evolution operator [24] expressed as 

/ 

{/(0 = exp+[-^ I dr//(r)] (5) 

0 



where //(r) is the time-dependent vibrational Hamiltonian, and exp^. denotes the 
time-ordered exponential. The quantum mechanical bracket appearing on the right- 
hand side of Eq. (4) may be evaluated as 
N 

<0\MrU{t)Mr\0>= X <0\Mr\^,><Cl\U{t)\4o><^\Mr\0> (6) 



where > and \^f > are eigenstates of the liquid system at time t. The wave function 
defined as 



\4o><^\Mr\0> 



4=1 



(7) 
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is the one formed at time / = 0 by the interaction with the radiation polarized in the 
rth direction. The time evolution of this wave function is controled by the operator 
U{t) as 

|^(’‘^)(0> = t/(0krH0)> (8) 

In numerical calculations, U{t) is expressed as a product of short-time evolu- 
tions, with At taken as the time step of the MD simulation. We have 

= Y, \^t > exp [- ico^r) -dr] <<^j. \ (r)> (9) 

#=i 

where is the vibrational frequency for the eigenstate |^r>, and |^^’> is the 
wave function with the same amplitudes of molecular vibrations as but with the 
molecular orientations evaluated at time t^At. In this method, the vibrational Ham- 
iltonian H{t) should be constructed and diagonalized every time step to obtain co^r) 
and To obtain a frequency resolution of about 0.5 cm"^, with the time step of 
zlr = 2 fs, the time correlation function should be calculated for 32768 time steps for 
one sample in the statistical average. A sufficiently large number of samples should 
be taken to get good statistics. 

The formula for the Raman spectrum includes the polarizability operator instead 
of dipole operator in Eq. (4). The time evolution of the Raman excitation is evalu- 
ated in a similar way. 

By using the method described above (called MD/TDC/WFP method [23], 
where WFP stands for ‘wave function propagation’), it is possible to treat explicitly 
the effects of liquid dynamics on the diagonal and off-diagonal terms of the vibra- 
tional Hamiltonian and the resultant changes in the IR and Raman band profiles. An 
example of the application of this method is shown in section 5.2. 



4. COMPUTATIONAL METHOD OF ANALYSIS 2: AB INITIO 
MOLECULAR ORBITAL CALCULATIONS FOR MOLECULAR 
CLUSTERS 

The MD/TDC and MD/TDCAVFP methods described above and the analytical 
method developed by Logan [3,9,10] may be regarded as “direct” in the sense that 
they deal with liquid systems themselves. However, they assume TDC as the 
mechanism of intermolecular resonant vibrational interaction, so that the magnitude, 
direction in the molecular frame, and intramolecular location of the transition di- 
poles are needed as parameters. In addition, the parameters of potential energy func- 
tions used in MD simulations (for the MD/TDC and MD/TDC/WFP methods) or the 
permanent dipoles and hard sphere diameters of molecules (for the analytical 
method) are also needed as the factors that determine the liquid structures. In most 
cases, these parameters are determined directly or indirectly by referring to the re- 
sults of some experiments, such as those obtained from thermodynamic and diffrac- 
tion measurements. Nevertheless, it may be said that these methods inevitably con- 
tain some “empirical” character, in the same way as many other theoretical methods 
of this type. 
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In contrast, it may be conceivable to limit the computed systems to clusters of a 
few molecules but to calculate the vibrational spectra from first principles by using 
the ab initio molecular orbital (MO) method. The merit of this method is that pa- 
rameters are no longer required for the calculations of vibrational frequencies and 
intensities because the calculations are carried out from first principles. This method 
may also be used to examine the validity of the parameters used in the methods de- 
scribed in section 3, or to improve the quality of those parameters. However, it 
seems practically impossible at present to do high-quality ab initio MO calculations 
for large clusters containing many molecules, so that the calculated systems are in- 
evitably limited to small clusters. As a result, by using this method, it is hard to deal 
with properties characteristic of liquid systems, such as randomness and fluctuation, 
so that it tends to provide some hints but not the solution for the problems concern- 
ing the interpretation of the vibrational spectra of liquid systems. The ab initio MD 
method developed by Car and Parrinello [25] is promising in this respect, but its 
application to molecular liquids is limited at present to systems consisting of small 
molecules such as water [26,27]. 

An example of the application of the ab initio MO method to the problem of the 
NCE in solutions is shown in section 5.3. 



5. EXAMPLES 

5.1 PRESSURE-INDUCED CHANGE IN THE LIQUID STRUCTURE AND 
THE NONCOINCIDENCE EFFECT OF LIQUID METHANOL 

Liquid methanol is one of the simplest hydrogen-bonded systems. An interesting 
subject in relation to the structural formation of hydrogen-bonded liquids is the 
competing role of the OH groups, which participate in hydrogen bonds, and the 
other parts in the molecules, which interact with each other much more weakly. 
Studies on the variation of the structure of liquid methanol as a function of thermo- 
dynamic variables will be helpful to our understanding on this point. Since methanol 
has two vibrational modes (OH and CO stretching modes) that show the NCE [28- 
31], studies on the vibrational spectra provide us with much information on the liq- 
uid structure. 

In contrast to many other cases where the NCE is observed, the CO stretching 
band of liquid methanol shows a negative NCE [29], defined as v^cE “ ^aniso “ ^so- 
An important point concerning this NCE is that its magnitude (absolute value) de- 
creases with increasing pressure, although the NCE arises from intermolecular reso- 
nant vibrational interactions. To elucidate the structural origin of this phenomenon, 
the MD/TDC (or MC/TDC) method is considered to be most useful [4,32]. 

The vibrational frequencies (first moments) of the isotropic and anisotropic Ra- 
man components ( vjso ^aniso) values of v^cE calculated for the CO and 

OH stretching bands of liquid methanol of the density d = 0.782 and 0.942 g cm’^ at 
303 K are shown in Table I. It is seen that the magnitude of v^cE stretch- 

ing band decreases by 1.3 cm"^ with increasing density, in agreement with the ex- 
perimental result (1.5 cm"^ [29]). For the OH stretching band, both the isotropic and 
anisotropic components shift to the low-frequency side, and the value of vj^cE 
creases, as the density increases. This calculated low-frequency shift is also in 
agreement with the experimental result [33]. 
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TABLE I. Vibrational frequencies (first moments) of the isotropic and anisotropic Raman 
components ( vjso and Vaniso) values of Raman noncoincidence ( v^qe) calculated for 

the CO and OH stretching bands of liquid methanol of the density ^/= 0.782 and 0.942 g cm’^ 
at 303 K. 





d = 0.782 g cm*-^ 


d = 0.942 g arr^ 


CO stretch 


OH stretch 


CO stretch 


OH stretch 


•1so / cm-' 


1036.7 


3332.3 


1035.3 


3314.4 


Hiniso ^ cm ' 


1032.7 


3370.7 


1032.6 


3357.4 


i^CE/cm-' 


-4.0 


38.4 


-2.7 


43.0 



The relation between the behavior of v^cE the liquid structure is more 
clearly seen by evaluating the pair distribution functions [20,21,34,35] g{Rmm 
/2„) of the CO and OH bonds, expanded to the second order as 

§(®^mn5 ^n) ~ So(^mn) 

+h[)(Rmn) [3(Rmn^m)(I^mn^nyi^mn^ ~ ^m^n] (1®) 

where is the vector connecting the relevant (CO or OH) bonds of molecules m 

and n, is the length of this vector, and and are the unit vectors in the 

direction of the relevant bonds of the two molecules. When this second-order 
expansion is a good approximation, v^cE is proportional to where p is the 

number density and the function is defined as 

//dW=} dRho(R)/R (11) 

0 

In addition to the total profiles, the contributions of the following three classes of 
molecule pairs to g(Rfnm At) are calculated: (1) molecule pairs which are 
directly hydrogen bonded to each other, (2) molecule pairs which are not directly 
hydrogen bonded to each other but hydrogen bonded to a common molecule, and (3) 
all the other pairs of molecules, such as the pairs of molecules belonging to different 
hydrogen-bonded chains. 

The functions goW and calculated for the CO bond of liquid methanol at d 
= 0.782 and 0.942 g cm‘^ are shown in Figure 4 (a-d). The negative contribution of 
the class 1 pairs to //dW (and hence to HvfCE of the (20 stretching band) is partially 
canceled by the positive contribution of the class 3 pairs. As the density increases, 
the number of the class 3 pairs [shown as goC'*)] increases in the r = 4-5 A region, 
resulting in significantly larger contribution of these pairs to //o(r) (and v^ce)* 
Although the contribution of the class 1 pairs to p //d(oo) increases slightly, the 
increase of the contribution of the class 3 pairs is more significant so that the 
cancellation between these classes becomes more severe. For this reason, the value 
of ^CE of Ihe CO stretching band is smaller at the higher density. 

The pair distribution functions calculated for the OH bond of liquid methanol at 
d = 0.782 and 0.942 g cm'^ are shown in Figure 4 (e-h). In this case, the contribu- 
tion to Hxif) (and hence to v^qe) is dominated by that of the class 1 pairs. The 
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value of p//d(°°) increases slightly as the density increases, in accord with the be- 
havior of vj^cE shown in Table I. This is considered to be due to the slight shorten- 
ing of the hydrogen-bond lengths (ro...H) occurring upon increasing density. The 
low-frequency shift of the OH stretching band shown in Table I is also considered to 
originate from this slight shortening of ro...H- 




Figure 4. The functions goW and Hx^{r) calculated for the CO bond (a to d) and the OH bond 
(e to h) of liquid methanol of the density d = 0.782 g cm'^ (a, b, e, f) and 0.942 g cm'^ (c, d, 
g, h) at 303 K. Solid line: total profiles; dashed line: contribution from molecule pairs that are 
directly hydrogen bonded to each other (class 1); dotted line: contribution from molecules that 
are not directly hydrogen bonded to each other but hydrogen bonded to a common molecule 
(class 2); dot-dashed line: contribution from “all the other” pairs of molecules (class 3). 
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5.2 EFFECT OF ROTATIONAL RELAXATION ON THE RAMAN BAND 
WIDTH IN THE PRESENCE OF INTERMOLECULAR RESONANT 
VIBRATIONAL INTERACTIONS: THE CASE OF LIQUID ACETONE 

The C=0 stretching band of liquid acetone, as the simplest ketone compound, 
may be regarded as a typical case where the NCE is observed, since the NCE has 
been observed for the C=0 stretching bands of the liquids of many carbonyl com- 
pounds. In fact, the first observation of the NCE was made for the C=0 stretching 
bands of ethylene and propylene carbonates [1]. Since the transition dipole of the 
C=0 stretching mode of acetone is parallel to the molecular permanent dipole, the 
analytical theory developed by Logan [3,9,10] is useful to interpret the NCE ob- 
served for this mode. However, to include the effect of liquid dynamics, it is neces- 
sary to adopt a numerical method. The MD/TDCAVFP method described in section 

3.2 is considered to be most appropriate [23]. 




Figure 5. (a) IR and (b) polarized Raman spectra in the C=0 stretching region of neat liquid 
acetone in the dynamic case calculated by the MD/ TDCAVFP method, and (c) IR and (d) 
polarized Raman spectra in the static case calculated by the MD/TDC method. Reprinted with 
permission from H. Torii, J. Phys. Chem. A 106, 3281-3286. Copyright (2002) American 
Chemical Society. 

The IR and Raman spectra of liquid acetone in the C=0 stretching region calcu- 
lated with the MD/TDCAVFP method are shown in Figure 5 (a) and (b). In this cal- 
culation, the effect of liquid dynamics is taken into account only for the off-diagonal 
terms of the F matrix, leaving the diagonal terms constant and common to all the 
molecules. At present, the effect of vibrational dephasing (modulation of the diago- 
nal terms) is effectively included with a band shape function of FWHM = 7.8 cm’*, 
considering that this effect is common to the IR, isotropic Raman, and anisotropic 
Raman bands, but it should be explicitly considered in the future after the mecha- 
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nism of the modulation of diagonal terms is clarified. In Figure 5 (c) and (d), the 
spectra calculated for the static case with the MD/TDC method are shown for com- 
parison. 

TABLE II: Calculated and observed widths of the C==0 stretching band of neat liquid acetone. 



method of calculation width (FWHM, cm"’ ) 







IR 


iso. 


aniso. 


calculated 


dynamic 


14.6 


8.4 


23.9 




static 


13.4 


8.8 


15.0 


observed 




-14® 


8.5 


20.3 I’ 



® Reference [30], The spectrum of a^'. 
References [36] and [37], 



It is seen in these spectra that significant magnitude of NCE is calculated in both 
cases. The calculated v^ce is 5.6 cm"^ in the dynamic case and 5.7 cm'^ in the static 
case, in good agreement with the observed value (5.2 cm‘^ [36]). This means that the 
NCE remains almost the same when the liquid dynamics is taken into account in the 
calculations. By contrast, the bandwidths are evidently different between the two 
cases. The calculated bandwidths (FWHM) are summarized on the first and second 
rows of Table II. The broadening of the IR and anisotropic Raman bands obtained in 
the dynamic case as compared to the static case is considered to originate mainly 
from rotational relaxation. The observed bandwidths taken from the literatures 
[30,36,37] are listed on the third row. It is clearly recognized from the comparison of 
the observed and calculated bandwidths that a better agreement is obtained when the 
liquid dynamics is taken into account in the calculations. A little too large width of 
the anisotropic Raman band calculated in the dynamic case suggests that the liquid 
dynamics in the MD simulation is slightly too fast. A better result may be obtained 
by improving the potential energy function used in the MD simulation. 

To help understand how rapidly the delocalized vibrational eigenstates change 
their forms, the time evolution of the instantaneous vibrational frequencies of those 
eigenstates are shown in Figure 6. It is seen that the instantaneous vibrational 
frequencies are modulated on the time scale of 100 fs or less, with many real and 
avoided crossings with each other, due to the changes in the off-diagonal terms of 
the F matrix arising from liquid dynamics. The changes in the vibrational patterns of 
the delocalized eigenstates occur on the same time scale. In such cases, effects of 
rotational relaxation on vibrational spectra cannot be simply treated by time 
correlation functions of the orientation of individual molecules, and this is the reason 
for the necessity of the MD/TDC/WFP method. 




356 




0.0 0.5 1.0 1.5 2.0 

TIME/ps 



Figure 6. Time evolution of the instantaneous vibrational frequencies of delocalized 
eigenstates in the C=0 stretching band of neat liquid acetone. Only the 1719-1715 cm'^ 
region is shown. A time interval of 2 ps is sampled. Reprinted with permission from H. 
Torii, J. Phys. Chem. A 106, 3281-3286. Copyright (2002) American Chemical Society. 



5.3 LIQUID STRUCTURE AROUND AN ANION AND THE 

NONCOINCIDENCE EFFECT OF AN ELECTROLYTE SOLUTION OF 
METHANOL 

The liquid structures formed around ions in an electrolyte solution are most 
likely to be different significantly from those found in neat liquid. Since the NCE is 
sensitive to the relative orientation of closely located molecules, it is expected that 
information on the difference in the liquid structures is obtained by analyzing the 
NCE. An efficient way in such an analysis of locally formed liquid structure is to 
carry out ab initio MO calculations for small clusters consisting of an ion and a few 
solvent molecules. 

As an example, we take the case of the methanol solution of LiCl [20]. An 
optimized structure of the (methanol) 4 Cr cluster is shown in Figure 7. It is seen that 
the four methanol molecules are located at tetrahedral positions around the chloride 
ion, and the OH groups of these methanol molecules are oriented toward the 
chloride ion because of their hydrogen-bonding ability. The relative orientation of 
the OH groups of the neighboring methanol molecules is somewhere between Figure 
2 (c) and (d), resulting in positive intermolecular vibrational coupling according to 
the TDC mechanism. As a result, a negative value of v^cE is expected for the OH 
stretching band of this cluster. Indeed, we obtain vjsfCE = -25.8 cm’* at the MP2/6- 
31(+)G** level [20]. A different tetrahedral structure is formed around a lithium ion 
because of the strong electrostatic interactions between the ion and the oxygen 
atoms of methanol molecules (not shown). However, a very small value of v^cE is 
obtained in this case. 



Figure 7. An optimized structure of the (methanol) 4 Cl cluster. A tetrahedron is drawn as the 
guide to the eye. 

Experimentally, a large positive v^cE about 40 cm"^ when the value is ob- 
tained from the first moments) is observed for the OH stretching band of neat liquid 
methanol, but when LiCl is dissolved in it, the magnitude is reduced as the concen- 
tration of LiCl increases and becomes negative above a certain concentration [38]. 
At the LiCl/ methanol mole ratio of 0.18, vjsicE is -44 cm'^ A similar phenomenon 
is observed for the methanol solution of LiBr [39]. 

Concerning this experimental result, two different mechanisms were proposed. 
In one mechanism [39], it was suggested that this reversed Raman noncoincidence 
originates from a tetrahedral arrangement of methanol molecules around the halide 
ion, the vibrational interactions among which being determined by the TDC mecha- 
nism. In the other medchanism [38,40], it was suggested that indirect vibrational 
interactions between methanol molecules mediated by the polarization of the metal 
ion and/or the halide ion [41], rather than direct vibrational interactions, give rise to 
the negative Raman noncoincidence for the methanol-LiCl solution and some other 
electrolyte solutions. The optimized structures and the vibrational frequencies ob- 
tained in the ab initio MO calculation described above and the result of the vibra- 
tional analysis based on the TDC mechanism indicate that the former mechanism is 
more probable. 



6. CONCLUDING REMARKS 

In the present paper, we have discussed the computational methods for analyzing 
the intermolecular resonant vibrational interactions in liquids and the NCE of vibra- 
tional bands. The NCE is a spectral feature that originates from delocalization of 
vibrational modes. In many cases, the intermolecular resonant vibrational interac- 
tions that give rise to this effect are determined by the TDC mechanism, so that they 
are strongly dependent on liquid structures, especially on the relative orientation of 
closely located molecules. The relation between the vibrational patterns in delocal- 
ized vibrational modes and the spectral intensities is also dependent on the relative 
orientation of molecules. As such, analysis of the NCE will provide useful informa- 
tion on liquid structures. As explained above, the computational methods described 
in this paper and Logan’s analytical method have their own merits and demerits con- 
cerning their applicability and the quality of the results, because of the differences in 
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the ways of treating liquid structures and intermolecular interactions, and in the ex- 
tent of approximation in the calculations of vibrational frequencies and intensities. It 
may be said that it is necessary to employ the methods in an efficient way by taking 
into account those merits and demerits. 

It should be mentioned at this point that the x-ray and neutron diffraction meth- 
ods are often used for analyzing the interatomic distances in condensed-phase sys- 
tems. The information on the relative orientation of molecules obtained from the 
analysis of vibrational spectra may be regarded as complementary to that obtained 
from those diffraction methods. Deeper understanding on the liquid structures will 
be given by taking into account all these pieces of information. 

It should also be mentioned that a problem similar to the NCE of liquid systems 
exists in the vibrational spectroscopic analysis of proteins and polypeptides. It is 
well known that the amide I band profiles in the 1700-1600 cm'^ region are strongly 
correlated to the secondary structures. Since the amide I mode has a large transition 
dipole, the amide I vibrations of peptide groups are coupled to each other by the 
TDC mechanism [42-45]. Since the peptide groups are connected covalently to each 
other along polypeptide chains, the vibrational interactions are not solely determined 
by the TDC mechanism [46-48]. However, a method similar to the MD/TDC 
method described in section 3.1 is useful to get insight into the structure-spectrum 
correlation, and quantitative agreement between experiment and calculation will be 
obtained when the parameters in the diagonal and off-diagonal terms of the F matrix 
are properly tuned. 

Although the frequency- and time-domain pictures shown schematically in Fig- 
ure 1 are related by Fourier transform, most of the experimental results concerning 
the delocalization of vibrational modes in liquids are obtained in the frequency do- 
main. Experiments and theoretical analyses of delocalized vibrations in the time 
domain, or those with the time-domain picture taken into account (such as the 
MD/TDCAVFP method described in section 3.2), may give us new insight into the 
vibrational dynamics, especially concerning the vibrational excitation transfer, in 
condensed-phase systems. 
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Abstract: In this paper we overview our work on far-infrared spectroscopy 

of both hetero- and homonuclear diatomic molecules in nonpo- 
lar fluids. Special attention is paid to electric multipolar induced 
contributions. From comparison between theoretical and exper- 
imental spectra estimation of the leading multipoles of CO and 
N 2 molecules has been obtained. Also a temperature and density 
dependence analysis of many-body cancellation effects in the dif- 
ferent pure induced components of the far-infrared integrated ab- 
sorption coefficient of CO in liquid Ar is reported. 



I. Introduction 

Dilute solutions of diatomic molecules in dense nonpolar, particularly mon- 
atomic, solvents form one of the simplest classes of high-density molecular 
systems which attracted great deal both of theoretical and experimental spec- 
troscopic work during past decades [1]. Some features that make these systems 
specially challenging are: 1) interactions among solute molecules can be dis- 
regarded and their mutual spatial correlations neglected; 2) far-infrared (FIR) 
and near-FIR experimental spectra show usually well separated pure rotational 
and vibration-rotational bands free of many complications, such as the Cori- 
olis coupling, Fermi and Darlin-Dennison resonances, anharmonic splittings, 

361 

J. Samios and VA. Durov (eds.), Novel Approaches to the Structure and Dynamics of Liquids: Exper- 
iments, Theories and Simulations, 361-385. 

© 2004 Kluwer Academic Publishers. 




362 



etc., arising in the spectra of polyatomics; 3) nonpolar fluids cause the smallest 
perturbations to the intramolecular dynamics of solute substances and present 
a very low absorption over a broad frequency range; 4) absorption spectra give 
information on molecular constants, as well as on the mechanisms to which 
absorption can be ascribed; 5) the changes in such spectra upon variation of 
the bulk parameters (density, temperature, composition) of the system provide 
information on intermolecular interactions and on their influence on the dy- 
namics of molecular motions. 

Far-infrared (FIR) absorption spectra of heteronuclear diatomic molecules 
dissolved in dense nonpolar solvents have two main contributions. The first 
one is due to the permanent dipole moment (permanent contribution) of the di- 
atomic itself The second one comes from the induced dipole moment (induced 
contribution) of the solution which appears from the interaction between unlike 
molecules. The relative importance of these contributions depends mainly on 
the value of the permanent dipole moment of the diatomic and on the density of 
the fluid. If the permanent dipole moment of the diatomic is high enough, the 
permanent contribution dominates the FIR absorption spectrum even at liquid 
densities [2]. However, for low enough permanent dipole moments this term 
will not be overwhelming and induction absorption mechanisms must be con- 
sidered, especially for high densities [3,4]. Moreover, in the case of homonu- 
clear diatomics dissolved in rare-gas fluids there is no permanent contribution 
so the whole FIR absorption spectrum arises from induced contributions [5, 6]. 

One of our aims in the last years was to theoretically analyze this kind of 
interaction-induced effects. This analysis has three fundamental problems [1]: 

i) The coupling between optically active intramolecular and intermolecular 
degrees of freedom. In these spectra the relevant degrees of freedom contribut- 
ing to absorption are the rotation of the diatomic and the translation of the 
solvent atoms and the diatomic itself. These degrees of freedom are coupled 
via the anisotropic part of the solute-solvent interaction, but if it is assumed that 
they are uncorrelated (a usual hypothesis in most spectral theories) the spectra 
can be expressed as a convolution of a translational part and a rotational one. 

ii) The difficulty to determine which induction mechanisms are relevant 
in each particular system. Interactions among molecules cause shifts in their 
charge distributions that provoke induced dipole moments depending on the 
intermolecular separation, and vary as the molecules rotate and vibrate. These 
interaction-induced dipoles are responsible for several kinds of spectra (in par- 
ticular FIR absorption) of symmetric non-polar species and contribute to al- 
lowed spectra of dipolar molecules [7]. In fact, the interaction-induced com- 
ponent is present in the spectrum of any dense molecular system, although it 
can be vanishingly small compared to the permanent component. The leading 
long-range mechanism for the dipole moment induction in molecular systems 
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has its origin in the linear polarization of the solvent molecules by the field 
due to electric multipoles of the diatomic probe. Besides this direct induction, 
other contributions exist due to back induction (i.e., the dipole moment induced 
on the solvent polarizes the solute), due to the field-gradient effects, and due 
to hyperpolarizabilities of the solvent molecules. Ordinarily these are second- 
order effects at best. Possible though apparently unexplored exceptions could 
be expected for the systems with resonantly enhanced polarizabilities includ- 
ing usually neglected vibrational polarizability [8]. 

iii) The usual difficulties arising in all theoretical studies involving many- 
body effects. A significant intensity decrease with increasing solvent density 
have been observed in the integrated absorption coefficient (lAC) of both hetero- 
and homonuclear diatomic molecules in spherical solvents. This decreasing 
has been attributed to the existence of static cancellation effects between two- 
and three-body components of the pure induced dipole spherical components. 
The extent of these cancellation effects represents a measure of the isotropy 
of the environment around a molecule in the fluid. Furthermore, these cancel- 
lation effects decrease when going to high multipolar induction mechanisms, 
and even for hexadecapole-induced dipole cancellation disappears and trans- 
forms into enhancement effects at least for some particular thermodynamical 
conditions. The nature of these effects remains still not well understood. A 
significant part of our work in the last years has been devoted to analyze how 
the translational and rotational degrees of freedom of the system affect the 
existence of cancellation or enhancement effects [9, 10]. 

This work briefly compiles our main contributions to the study of electric 
multipole induced contributions to the FIR spectra of diatomic molecules in 
nonpolar solvents. 

2. Dipole absorption coefficient 

We deal with a diluted solution of diatomic molecules in a nonpolar fluid. The 
concentration of diatomic molecules is assumed to be low enough so that a 
diatomic molecule (absorber) interacts with the solvent molecules (perturbers) 
independently of other diatomics. Under this condition the linear response the- 
ory gives the FIR absorption coefficient per unit path length, a(co), of a sample 
at temperature T, as [1 1] 

= (M(/)-M(0))} (1) 

where px is the number density of absorbers, f{n) = (l/n)(«^ + 2)^/9 is the 
Polo- Wilson correcting factor for internal field effects (n is the optical refrac- 
tive index) [6], p= is the dipole moment operator in the Heisen- 

berg picture of the system associated to the presence of each diatomic molecule 
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in the solution, and the angular brackets denote a canonical equilibrium aver- 
age. In Eq. (1), the refractive index, n, can be obtained from the Lorenz-Lorenz 
equation [12] {n^ — l)/{n^ + 2) = {4n/3)pBOt.B, where pg is the number den- 
sity of the solvent molecules and its spherical polarizability. 

The dipole moment is the sum of the permanent dipole moment of the 
diatomic molecule and the induced dipole moment due to the diatomic-solvent 
interaction. Assuming that the induced dipole moment arises from a sum of 
binary diatom-atom interactions, one can write, 

M(0 =;lp[r(0]+ X (2) 

Resolvent 

where Jlp{r) is the permanent dipole moment of the diatomic, ]l{r,Rk) rep- 
resents the induced dipole moment in a diatom-atom collision, r = (r,Q) is 
the vector describing the intemuclear separation and the orientation of the di- 
atomic molecule, and R/c = is the vector joining the centers of mass 

of the A:-th solvent molecule and the diatomic one. This assumption implies 
that eventual irreducible triplet or higher order dipole moments are neglected. 
In the FIR, the vibrational degrees of freedom are not optically active and we 
can suppose that the diatomic molecule remains on its ground vibrational state. 
Then, the dependence on r in Eq. (2) disappears. Besides, the induced dipole 
moment can be expanded in terms of spherical harmonics in the following 
way [13]: 



MM{^,Rk) — 

4tc 

X C(X,L,l;/nx,mi,M)y/"^(n*)7^"’^(fl) (3) 

mx,mL 

where the subscript M = — 1,0, 1 denotes spherical tensor components of the 
dipole moment, C{X,L,l;mx^mi^M) are Clebsch-Gordan coefficients, Y de- 
notes spherical harmonics, and Bx^i{Rk) are radial expansion coefficients spec- 
ifying various dipole induction mechanisms. 

The analytical calculation of the absorption coefficient from Eqs. (l)-(3) 
is unattainable without the consideration of some simplifying hypotheses. We 
would like to mention the three main assumptions considered in our works 
(besides the pairwise additivity of the intermolecular interactions): 

1) The induction mechanisms responsible for the absorption in the system 
under study are essentially electrostatic in nature. With this assumption only 
radial coefficients, will occur in the expansion (3) of the induced 

dipole moment, and one has [14]-[16] 

BuiRk) = (for?.> 1) 

Rk 



( 4 ) 
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where Q\ is the A,-order multipole moment of the diatomic molecule (i.e., 
Q\ = /^p, Qi = 0, 03 ^ ii, and 04 = O are, respectively, the permanent dipole, 
quadrupole, octupole and hexadecapole moments). Note that, in general, 
Bx;)^+\{R) has both an overlap (short range) and an electric multipole (long 
range) contribution. The asymptotic approximation (4) seems to be adequate 
for low-density gases and highly polarizable solvents, for which the induction 
mechanisms are fundamentally long range, and can be used as a reasonable 
starting point for the evaluation of the multipole induced effects in high-density 
gases and liquids. 

2) We consider that the dynamics of the total system is governed by the 
Hamiltonian H = Hr+Hb~\-H\ where Hr is the free Hamiltonian for the rota- 
tional motion of the diatomic molecule (system R), Hr is the Hamiltonian for 
the translational motions of the solute and solvent molecules (system B), and 
//' is the Hamiltonian describing the interaction R — B. Then, we assume that 
the translational degrees of freedom are not affected by the rotational motion 
of the diatomic molecule, i.e., by the anisotropic part of the interaction Hamil- 
tonian H\ but the opposite does not hold and the translational part behaves as 
a thermal bath for the rotational relaxation. We shall refer to this assumption as 
the translational decoupling approximation. It allows to perform separate av- 
erages in Eq. (1), but it breaks down if the density fluctuations in the fluid give 
rise to large, rapid fluctuations of the electric field at the site of the diatomic 
molecule [17]. 

3) As carefully studied by Borysow et al. [18], spectral moments have in 
general two kinds of contributions: the pure terms coming from each spherical 
component of the induced dipole moment and the mixing terms coming from 
the superposition of induced dipole spherical components of different symme- 
try. Strictly, last terms vanish only when interactions are considered isotropic. 
We have restricted our study to the spectral contributions arising from pure 
electric induced terms. 

The above assumptions allows us to express the FIR absorption coefficient 
(1) as the sum of a permanent (P) and an electrostatic induced (I) contribution, 

a(co) == (co) + (co) (5) 

with 

«(^) ((O) = (^1 _ (a>), (6) 



(co) = ^ (co) 

X=l 



( 7 ) 
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where (co) is given by the convolution of a X-translational spectrum and 
a ^-rotational spectrum, 

= /_“c/>^^'^(co)C^((o-co')d(o', (8) 

where 

= Rey^dte‘^C^^'^'^'\t)Y (9) 

Ci’^^((0) = Reyyte'<^'C^^ht)Y (1^) 

with 

c/>^+')(0 = (X5u+i(^t(O)5u+i(^*'(O))/’x+i(cos0*,*.(O)), (11) 

k,kf 

C^o) (0 = ^ K-l)"^ (( C (^2(0) (f2(0)) )) , (12) 

where Pi are the Legendre Polynomials, Qk,k! is the angle between and /T^, 
(• • •) denote a canonical equilibrium average over the translational variables, 
and {(• • •)) denote a canonical equilibrium average over both translational and 
rotational degrees of freedom. 

In the case of homonuclear diatomic molecules there is no permanent con- 
tribution and only induced contributions with X even must be taken into ac- 
count in Eq. (7). 



2.1. TRANSLATIONAL SPECTRAL CONTRIBUTION 



For low- and moderate-density gas mixtures the translational spectral contri- 
bution (co) can be successfully calculated using the Zwanzig-Mori (or 

memory function) approach [19]-[21] based on a continued-fraction represen- 
tation for the Laplace transform of the translational time-correlation function 
(11), truncated at the first or second stage, and assuming a Gaussian form for 
the corresponding memory function. This enables one to obtain the first three 
even spectral moments of (co). In particular, the zeroth order moment 

(the integrated intensity) is given by 






+ 

X 



^tr 



( 0 ) — PbJ gAB{Rk) 
PbJ j SABB{Rk,Rk' ,Rk,k') ^ 



B 



XA+1 



(Rk) 



d^Rk 



Rxm 1 (Rk ) Rx,X+ 1 (Rk' )Px+ 1 (cos Qk,k' ) d^R/t d^Rkf 



(13) 
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where gAB{Rk) and gABB{Rk,Rk! ’tRk.kf) are, respectively, the two- and three- 
body distribution functions, and Rk^k! — \Rk—Rkf |- 

For low-gas density systems, the pair distribution functions gAB {Rk ) and 
gBB {Rk,k! ) can be evaluated from the low density limit expressions: 



= exp 



Am 



{.Rk) 



kT 



= exp 



ABB) 



{Rk,k! ) 



kT 



(14) 



where (/?*) and ) are the respective solute-solvent and solvent- 

solvent isotropic intermolecular potentials, while the three-body distribution 
function can be evaluated in the Kirkwood superposition approximation [22]: 

gABB {Rk , Rf , Rk,e )= gAB {Rk) gAB {Rkf ) gBB {Rk,k' ) i (15) 

with gAB {Rk) and gBB {Rk,k> ) given by Eqs. (14). 

A similar formalism can also be applied to calculate the translational spec- 
tral contributions for high-density gas and liquid phases, but one then needs the 
knowledge of appropriate two- and three-body distribution functions. Guillot 
et al. [2 1 , 23] have used this method for the study of the FIR spectrum of dense 
N 2 and N 2 -rare gas compressed mixtures. These authors performed the calcu- 
lation of the spectral moments only for the quadrupole-induced dipole contri- 
bution. In their work the two-body distribution function was evaluated from 
the analytical density dependent approximation provided by Chesnoy [24], 
whereas the three-body contributions were evaluated making use of a lattice- 
gas model. Within this model the three-body distribution functions were im- 
plemented by assuming that a multiple occupation of a given site of the lattice 
is forbidden, all the remaining locations being equally probable. Values of the 
spectral moments obtained by these authors allow for satisfactorily reproduc- 
ing experimental FIR spectra for systems with density less than about 650 am- 
agat. However, for systems at higher densities the predicted moments disagree 
with the experimental ones. 

Furthermore, we also intend to evaluate the effect of other (higher than 
quadrupole) multipole-induced dipole contributions. Since each of these con- 
tributions has a characteristic range of interaction, a suitable evaluation of the 
two- and three-body distribution functions is needed in each case. Concretely, 
if the lattice-gas model is used to evaluate the three-body contributions, the 
weight of each configuration must be different in order to account for the par- 
ticular range of the considered multipole-induced contribution. The latter com- 
plicates the abovementioned method for the calculation of the moments for the 
different multipole-induced dipole contributions. Therefore, in our work, the 
translational functions for the high-density gas and liquid solu- 

tions have been obtained from molecular dynamics (MD) calculations. 
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2.2. ROTATIONAL SPECTRAL CONTRIBUTION 

The A,-rotational contribution (co) was calculated in the framework of a 
quantum theory describing the rotational dynamics of the diatomic molecule. 
This theory is based upon the following assumptions: 

(i) The unperturbed rotational states of the diatomic (system R) are taken 

as the eigenstates of a free quantum rigid rotor, {| / >=| >}, with eigen- 

values Ej. = Bhcji{ji +1), where B is the rotational constant of the diatomic 
molecule on its ground vibrational state, and other symbols have their usual 
meaning. A non-rigid rotor including centrifugal distortion of the solute molecu- 
les has been also considered [25]. Deviations from the rigid rotor model be- 
come noticeable only for the transitions from the eigenstates with large enough 
values of j. 

(ii) All translational degrees of freedom, both of absorber and perturber 
species, behave as a classical thermal bath (system B) at the temperature T of 
the solution. 

(iii) The anisotropic part of the absorber-perturber intermolecular potential 
V is given by a truncated series in Legendre polynomials, in the form 

Jmax 

V= X 'ZVj{Rk)Pj{cosnk) , (16) 

A: € solvent y=l 



where is the angle between and the diatomic intemuclear axis. Then, the 
interaction hamiltonian H' is given by H' = V - (V). 

(iv) The time evolution of the radial part Vj{Rk) of the intermolecular po- 
tential (16) is described by means of a classical stochastic process with a time 
autocorrelation function (TCP) given by 

<&y(0 = {Vj{Rk{t)) Vj(Rk{0))}- (VARk(O))^ - k5 exp[- | / | /tj] , (17) 

where Kj and tj are characteristic parameters of the system measuring the mean 
strength of the anisotropic J contribution to the potential (16) and its correla- 
tion time, respectively. 

Using these assumptions, it has been shown elsewhere that the A,-rotational 
contribution C^/ (co) may be written as a sum of two contributions [26] 

Cro) (®) = ( 0 mega) -b (co) ( 1 8) 



The first one, called secular profile, has the form 

cdiN = ,(<«)} 

Ji jf 



(19) 
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where Oj. is the usual rotational population factor of state | ji >, the coefficients 
W are given by 



^A/W = (2/+l)(i I 




( 20 ) 



and 







( 21 ) 



wiffi lF^yj,((o) = Explicit expressions for the functions 

Wj j. (to) are given in Ref [26] in terms of the Fourier-Laplace transform 
offfieTCF(17). 

The second contribution in (18), called interference profile, has 

the form: 

( 22 ) 

y=i 



Explicit expressions for the anisotropic contributions Cj (co) are reported in 
Ref. [26] in terms of the rotational lines (21). 

The secular approximation becomes invalid [27, 28] when the spectrum 
is significantly affected by the overlap among the basic secular resonances 
(A;/j/(^) causing an intensity redistribution inside the ab- 

sorption band. This line-mixing (nonadditivity) effect is taken into account 
by means of the interference contribution, Ci^),^(co) [Eq.(22)]. The number of 
basic resonances involved in the interference depends on the order of Legendre 
pol 30 iomials in the interaction Hamiltonian. 

Besides interference contribution, the spectral theory incorporates non- 
markovian (or memory) effects that mathematically stem from the co-depen- 
dence of the basic resonances. When the markovian approach is valid, each 
secular resonance A^^y.(co) becomes a Lorentzian line with halfwidth given by 

6prom the point of view of the involved solute-solvent au- 
tocorrelation functions, this means that the autocorrelation time of Oy(/) 
is much smaller that the inverse of the mean-square interaction strength, 
^jtj!h« 1 [27, 28]. 



3. Far-infrared spectra of CO in Ar 

Comparison between theoretical and experimental FIR spectra of HCl-rare gas 
solutions at different thermodynamic states show that the permanent dipole 
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contribution is sufficient to explain the whole spectrum of this system both at 
low and high densities [27]. Roco et al. [3] have also applied the outlined spec- 
tral theory to investigate the FIR absorption spectra of CO in Ar gas at various 
densities. Comparison with the experimental spectra measured by Buontempo 
et al. [4] showed that, as in the case of HCl-rare gas mixtures, the permanent 
dipolar contribution is overwhelming at low-gas densities. However, at differ- 
ence of HCl-rare gas cases, as the Ar density increases the permanent dipolar 
contribution does not account for the observed spectrum, specially for the ex- 
istence of a long tail extending towards the high frequency range. This fact 
clearly shows the existence of significant induced dipole contributions to the 
FIR absorption spectra of CO-Ar solutions as density increases. 

The spectral theory has been applied to calculate the FIR spectra of CO 
dissolved in Ar at three different thermodynamic states: 1) a low-density gas 
solution at r = 129 K and 13 x 10^® cm“^ (48.3 amagat); 2) a high-density 
gas at r = 152 K, and pAr = 1 18 x 10^® cm~^ (438.7 amagat); and 3) a liquid 
solution at r = 90 K and pAr = 200 x 10^® cm“^ (743.6 amagat). Evaluation of 
the FIR absorption spectra of CO-Ar at the considered temperatures and den- 
sities requires the knowledge of the multipole moments of CO on its ground 
vibrational state. These parameters have been subject of many experimental 
and theoretical investigations, and the results cover a moderately wide range 
of values. In this context, a delicate point is the fact that, although the abso- 
lute value of the electric dipole moment is independent of the location of the 
coordinate origin, all other multipole moments are not reference-frame invari- 
ant. Consequently, a shift of the coordinate origin from, say, the center of mass 
to the center of charge changes the values of all \Qx\ with A, > 2. The values 
available in the literature for the molecular multipole moments of CO lie in the 
following ranges 

\Hp\ = [0.1096,0.1 12] D |0| = [0.92,2.81]DA 

|Q| = [2.34, 3.56] DA^ |0| = [2.92,4.74] DA^ (23) 

In the present work, we consider these ranges for a first estimation of the 
translational strength parameters However, for comparison purposes, 

we take \np\ = 0.1097D while we consider the other multipole moments as 
adjustable parameters. An estimation of |0|, |Q| and |0| can be then made 
by resolving the FIR absorption spectra of CO in Ar into a permanent and a 
multipole-induced dipole absorption band and by fitting to the experimental 
profiles. 

The theoretical spectra are obtained from the expressions reported in the 
previous Section withRco = 1-92 cm“'[4], ttAr = 1.62A^ [32], andJ^ox = 2. 
Then, taking into account Eq. (17), four parameters (ki , K 2 , t \ , 12 ) are required 
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Figure 1. FIR spectra of CO in Ar at: F = 129 K and = 13 x 10^® cm ^ [(a) and (b)], 
T = 152 K, and = 1 18 x lO^^ cm-^ [(c) and (d)], and r = 90 K, and = 200 x lO^^ 
cm“^ [(e) and (f)]. (a), (c), and (e): Theoretical profiles obtained considering only the perma- 
nent dipole contribution (solid line), (b), (d), and (f): Theoretical profiles (solid line) obtained 
as a sum of the permanent (dashed line) and the induced contributions (dash-dotted line). Ex- 
perimental profiles (dotted lines). 



in order to evaluate the theoretical FIR absorption coefficient. These parame- 
ters are considered as a set of adjustable parameters whose values are chosen 
by comparison with experimental spectra. 

Experimental FIR (15 — 75 cm“*) spectrum of CO in Ar gas at low enough 
densities present a well resolved rotational structure. Calculated and experi- 
mental absorption coefficients are represented in Fig. 1 . Since the experimental 
solute number density pco is unknown, each spectrum is normalized to the re- 
spective maximum value. The theoretical absorption coefficient obtained just 
considering the permanent contribution is represented in Fig. l.a. This perma- 
nent contribution, a(^^(co), has been calculated from Eq. (6). From Fig. l.a it 
is clear that the low-density gas FIR spectrum of this system is essentially due 
to permanent dipole absorption. However, on the high-frequency region it is 
observed that the theoretical permanent FIR spectrum underestimates experi- 
mental absorption. It is reasonable to assume that this slight discrepancy can 
be evaluated in terms of the induced absorption band. 

In order to evaluate the significant induced contributions to the absorp- 
tion profile we have calculated the translational strength parameters 1 / 

from Eq. (13) by using the long-range induction functions (4) and the two- 
and three-body radial distribution fimtions (14) and (15) with isotropic in- 
termolecular potentials {Rk) and taken as 6 — 12 Lennard- 

Jones surfaces with parameters [6]: aco-Ar = 3.483 A, Bco-Ar = 117.06 K, 
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TABLE 1. Values of the parameters CO-Ar: 

(1) T = \19K and riAr = 13 x 10^® cm~^ (calculated from the 
Zwanzig-Mori approach); (2) T = 152 AT and riAr = 118 x 10^® 
cm"^ (MD simulations); (3) T = 90 AT and n^r = 200 x 10^® 
cm“^ (MD simulations). 





(1) 


(2) 


(3) 




1.21 X 10“^ 


3.73 X 10-3 


2.24 X 10-3 


C2,3/02(A“^) 


1.00 X 10-'' 


4.52 X lO-'* 


4.07 X lO-'* 


C3.4/n2(A-'') 


9.30 X 10-® 


5.88 X 10-3 


7.50 X 10-3 


C4.5/<I>2(A“^) 


8.50 X lO-'' 


6.87 X 10-* 


1.32 X 10-3 



and GAr-Ar = 3.405 A, £Ar-Ar = 1 19.8 K. The calculated values are given by 
the first column of Table 1. We note the following points: a) C\;ilf?p < 1, 
which indicates that the dipole-induced dipole contribution can be neglected; 
b) since the permanent contribution presents a maximum absorption at the ro- 
tational transition line y = 7 8, the maximum absorption of the quadrupole-, 

octupole- and hexadecapole-induced dipole contributions respectively occurs 
at (0 65 cm~^ [®y+2j = 25(2y + 3) with j = 7], co 104 cm“' [®y+3j = 

6B{j + 2) with j = 7], and o) 146 cm“^ [t*>y+4,y == 45(2 j + 5) with j — 7], 
then, one can assume that in the observed frequency range (15 — 75 cm'*), the 
octupole {X = 3) and hexadecapole (X = 4) contributions can be also neglected. 
Thus, the FIR spectrum of CO in Ar gas at low density has been obtained from 
the sum of permanent and quadrupole-induced dipole contributions, 

a(co) = (co) + (co) . (24) 

where (co) has been evaluated from Eq. (6) and (co) from Eq. (8) for 
X = 2. The translational spectral function (co) was calculated using the 
Zwanzig-Mori approach while the rotational spectral functions (co) and 
^rot (^) were calculated from Eq. (18). The best agreement with the experi- 
mental lineshapes was obtained for Ki = 4.5 x 10'^^ J, K2 = 8.0 x 10'^^ J, 
^1 = ^2 = 11 X 10'*"* s, and C23 = 3.80 x lO'"* D^. Taking into account the 
value of C2,3/0^ reported in the first column of Table 1, this fit leads to 

|0| = 1.95DA (25) 

which favorably compares with the result 1.94(4) D A measured by Meerts et 
al [29] by using a molecular beam electric resonance method. In Fig. l.b we 
have plotted the theoretical spectrum obtained from Eq. (24), with 0 given 
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by (25). As can be observed in this figure, the above discrepancies between 
permanent and experimental profiles disappear when the quadrupole-induced 
contribution is considered. 

The FIR (15 — 220 cm“^) spectra of CO in Ar gas at T = 152 K and 
pAr = 118 X 10^^ cm“^ and in Ar liquid at T = 90 and pAr = 200 x 10^^ 
cm“^ have been also measured by Buontempo et al [4] and they are devoid 
of any rotational structure. The corresponding calculated and experimental ab- 
sorption coefficients are also represented in Fig. 1. As before, the spectra are 
normalized to the respective maximum value of the total spectrum considered 
in each case. The theoretical absorption coefficients obtained by considering 
only the permanent contribution, a(^)(co), are represented in Figs, l.c and l.e. 
These figures clearly show that, in both cases, permanent dipole absorption can 
not account for the Whole FIR profile. This is particularly valid for the long tail 
appearing at intermediate and high frequencies, and becomes more evident as 
solvent density increases. 

We have calculated the FIR spectra at these conditions as the sum of the 
permanent contribution and an electrostatic induced contribution including its 
dipole, quadrupole, octupole and hexadecapole components, 

a(co) = (co) -h (co) 

(co) = (co) + (co) + (co) -f (co) (26) 

where the induced contributions, a^^(co), a^®)(co), a^^)(co) and a(^^(co) have 
been obtained fi’om Eq. (8) with X. = 1 , 2, 3, and 4. 

Because of the difficulties in applying the Zwanzig-Mori approach to high 
density systems, the translational functions (co) for the high-density 

gas and liquid cases have been obtained firom MD calculations. In all com- 
puter simulations we consider a sample of 250 solvent atoms (Ar) and one 
diatomic molecule (CO) in a cubic box with the usual boundary conditions. 
The CO molecule has been considered as isotropic and the interactions (CO- 
Ar and Ar-Ar) were considered to be of the Lennard-Jones type with parame- 
ters previously reported. The equations of motion were integrated by means of 
a leap-frog Verlet algorithm with coupling to a thermal bath to keep the sys- 
tem temperature at the desired values. The time step was A/ = 0.5 x 
After a long equilibration period, the dynamics of the particles was followed 
during 8 x 10^ time steps in all cases, and the averages of the time correla- 
tion functions relevant for the problem were performed. The values of the four 
leading (X. = 1,2,3, and 4) strength parameters IQ\ obtained from MD 
calculations are listed Table 1 . 

The rotational spectral functions (co), cj:^^ (co), (co), and 

(co) were calculated from Eq. (18) and with values of the statistical pa- 
rameters Ki = 10.1 X 10“^^ J, K 2 = 16.2 X 10"^^ J, and^i = ^2 = 1.1 x s 
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for the high-density gas case, and K] = 13.2 x 10“^^ J, K2 = 20.9 x J, 
and ti = t2 = 1 • 1 X 10“ s for the liquid. 

In Fig. l.d we have plotted the overall absorption coefficient for the high- 
density gas case with Ci,2 = 4.49 x 10“^ D^, € 2,3 = 2.03 x 10"^ D^, € 3^4 = 
5. 15 X 10““* and C4 5 = 6.47 x 10“^ D^, which give the best agreement with 
the experimental profile. Taking into account the values of C2,3/0^, € 3 ^ 4 /^ 
and C4,s/0^ given in the second column of Table 1, this fit leads to: 

|0|=2.12DA, |Q|=2.96DA^ |<D| = 3.07DA^ (27) 

The value of |0| is within the experimental range (23), but it is a 7.7% larger 
than the value (25) obtained from the low-density gas case. The value of |Q| is 
in excellent agreement with the theoretical values reported by Diercksen and 
Sadlej [30] and by Bounds and Wilson [31], while the value of |0| is in the 
low region of the interval (23). 

Fig. l.f contains the theoretical shape of a(®) for the liquid case with 
Cl, 2 = 2.61 X 10-5 D2, C2.3 ^ 2.08 X 10~^ D^, C3,4 = 7.54 x lO”'’ and 

C4,5 = 5.75 X 10“5 D^, which give the best agreement with the experimental 

profile. Taking into account the values of € 3 , 3 € 3 ^ 4 /^ and C4,5/<1>^ given 
in the third column of Table 1, this fit leads to: 

|01=2.26DA, |Q1 = 3.17DA\ |O| = 6.60DA^ (28) 

The value of |0| is still into the range (23), but it is a 1 6% greater than the value 
(26) obtained from the fit of the low-density gas spectrum. The value of |Q| 
is also into the range (23), and it is a 7% greater than the value (27) obtained 
from the fit of the high-density gas spectrum. Conversely, the value of [Oj is 
now higher than the reported by Bounds and Wilson [31] and it is 2.15 times 
the value (27) obtained from the fit of the high-density gas spectrum. 

As we have commented before, the consideration of only long-ranged in- 
duction mechanisms could be a reasonable assumption for low gas densities. 
However, when the density increases, other contributions could be signifi- 
cantly involved in the FIR absorption spectrum. For example, the influence of 
short ranged (overlap) induction mechanisms for the liquid nitrogen has been 
pointed out by Guillot et al. [6, 23]. Their consideration in our work would 
require to carry out first principles calculations in order to provide expres- 
sions for the involved functions Furthermore, since the hexadecapole- 

induced dipole contribution is specially significant in the high-frequency re- 
gion, the calculated increasing of O at the liquid density can be also attributed 
to higher order multipole mechanisms or to spectral manifestations of triplet 
induced dipoles in this particular frequency region. Therefore, in our spectral 
theory, the multipole moments \Qx\ must be considered as effective parame- 
ters, providing all the induced mechanisms which have not been considered. 
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4. Far-infrared spectra of N 2 in Xe 

The theory outlined in Sec. II was also applied to describe the FIR-spectrum 
(50 — 250 cm“') of a N 2 -Xe gaseous mixture at T = 295 K, pNj = 3 amagat 
(0.81 X 10^® cm“^) and pxe = 350 amagat (94. 15 x 10^^ cm“^) which has been 
measured by Guillot et al. [6]. The theoretical FIR spectrum was obtained only 
from an electrostatic induced contribution decomposed in its quadrupole and 
hexadecapole components, 



a(co) = (co) = (co) + (co) , (29) 

where the induced contributions (co) and (co) have been obtained from 

Eq. ( 8 ) with X, = 2 and 4. We have taken the values = 1.999 cm“^ [33], 

« 3 

axe = 4. 1 1 A [ 6 ], and n = 1 .257. Only contributions arising from the anisotro- 
pic tenUc/ = 2 of the intermolecular potential (16) are considered. Furthermore, 
most recent experimental and theoretical values available in the literature for 
the quadrupole and hexadecapole moments of N 2 in its ground vibrational state 
lie in the ranges: 

| 0 | = [1.2,1. 65] DA, | 0 | = [2.1,4.1]DA\ (30) 

We have considered these ranges for a first estimation of the translational 
strength parameters C 2,3 and 

The calculation of the translational functions, (co), with X = 2 and 

4, was carried out from MD simulations. The N 2 molecule has been considered 
as isotropic and the interactions N 2 -Xe and Xe-Xe were considered to be of 
the 12-6 Lennard- Jones type with parameters [ 6 ]: CN 2 -Xe = 3.74 A, £n 2 -Xc = 
166.3 K, and CTxe-Xe = 3.89 A, £xe-Xe = 282.4 K. 

The X-rotational functions €^ 0 } (to), with X = 2 and 4, were calculated from 
Eqs. (18). Therefore, the evaluation of the quadrupolar, (co), and the hex- 
adecapolar, (co), contributions to a(co) can be performed, for given values 
of the quadrupole 10| and hexadecapole |0| moments of N 2 . We have con- 
sidered the statistical parameters as a set of adjustable parameters with values 
chosen by comparison with the experimental spectrum. In this fitting proce- 
dure we have considered that the main contribution to absorption comes from 
the quadrupolar inductionmechanism, and we have added the hexadecapolar 
contribution in order to reproduce the high frequency behavior of the exper- 
imental spectrum without exceeding its maximum intensity. We have found 
a satisfactory agreement between the theoretical and experimental spectra for 
K2 > 30 X 10~^^ J, t2 < 2.6 X lO”*"^ s, and values of the quadrupole and hex- 
adecapole moments lying in the ranges: 

|0| = [1.47, 1.60] DA, |<D| = [0,5.20]DA\ 



(31) 
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Figure 2. FIR spectrum of a N 2 -Xe gaseous mixture at T = 295 K, pN 2 = 3 amagat 
and pxe = 350 amagat. Theoretical absorption coefficient obtained by considering the quan- 
tum A,-rotational spectra with |0| = 1.52 DA, [Oj = 3.22 DA^, K 2 = 58.8 x 10“^^ J, and 
t 2 = 7.2 X s: total line shape (solid line), quadrupolar contribution (o)) (dashed line), 
and hexadecapolar contribution (co) (dash-dotted line). Experimental spectrum (dots). 



Regarding the quadrupole moment we must underline that the obtained 
range is contained in the corresponding interval given in (30). However, the 
interval of values obtained for the hexadecapole is wider than the expressed 
in (30). In order to attain a more precise estimation for the value of the hex- 
adecapole, we have considered the quadrupole moment as a fixed parameter, 
and performed the fitting procedure only for the remaining three parameters of 
the theory, i.e., |Ol, K 2 and ti . Assuming the value |0| = 1 .52 DA reported by 
Dagg et al [34], we have found the best agreement between the theoretical and 
the experimental spectra forK 2 = (60±20) x 10“^^ J ,/2 = (7.2±0.8) x 10“^^ 
s, and 101 = 3.2±0.3 DA\ 

The calculated spectrum represented in Fig. 2 corresponds to the last case. 
The good agreement between the experimental and the calculated spectra to- 
gether with the drastic reduction of the interval of values corresponding to the 
hexadecapole moment allows to consider this interval as a fairly good esti- 
mation of the value of this quantity. The obtained value for the hexadecapole 
moment is very close to the value |0| = 3 ± 1 DA reported by Bimbaum and 
Cohen [33], and greater than the one reported by Maroulis and Thakkar [35] 
obtained from many-body perturbation theory calculations. 

The quadrupolar, (co), and the hexadecapolar, (co), contributions 
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to the calculated spectrum a(to) are also sketched in Fig. 2. A glance to this 
figure allows to corroborate that (co) is the most significant contribution 

to the absorption intensity, while (to) is revealed as important in order to 

describe the behavior of the experimental spectrum at high fi'equencies. 



5. IVanslational/rotational contributions and static canceliation effects 



The FIR spectra of CO-Ar at high-gas and liquid densities show that the con- 
sideration of electric multipolar induction is essential in order to properly re- 
produce the available experimental results for these systems. The relevant de- 
grees of fi'eedom contributing to induced absorption are the rotation of the 
diatomic and the translation of the solvent atoms and the diatomic itself These 
degrees of freedom are coupled via the anisotropic part of the solute-solvent in- 
teraction, but assuming the translational decoupling approximation, the spectra 
can be expressed as a convolution of a translational part and a rotational one. 
On the other hand, the translational part can be expressed as a sum of two- and 
three-body components, which allows one to analyze the possible existence of 
many-body static cancellation effects in the total integrated absorption coeffi- 
cient (lAC) and their dependence with the range of the induction mechanism. 
The study of how the different degrees of freedom of the system affect the 
existence of cancellation or enhancement effects, and the influence of thermo- 
dynamic conditions on these effects have been also object of our interest in the 
last years. 

With these goals in mind we have considered the general expression for 
the lAC associated to each XL term in expansion (4), tti xl- The mentioned 
expression was firstly derived by Poll and van Kranendonk [36], and reads: 



ai,u 






(32) 



where the indices (r) and (i) stands for rotation and translation respectively. 
Moreover, it is possible to split each contribution in two-body (2b) and three- 
body (3b) terms, + 



+«f,U with: 



= (33) 



a 



(r,3b) _ 2k^PaI(X+1) 
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X < Bu{Rk)BxL{Rk!)PL{cosQk,k!) > , (34) 

k^k! 
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L+\ y 
+ 1 



< CxiiRk)CxL{^k')PL+\{cOsQk^k') > + 



X < ^Kb(^i)^u(^k')-PL-i(cos6t^/t') > 

I 1 K/y 



(36) 



In these equations itiab is the solute-solvent reduced mass, U is the moment 
of inertia of the diatomic molecule, ttia its mass, and the remaining symbols 
have their usual meaning. Besides, we have defined the functions Cxi{Rk) and 
DxL{J^k) as: 



dRk Rk 



(37) 



Du{Rk) = +{L + 1)^^^ ■ (38) 

dKk Rk 

The details of the calculations and the necessary hypotheses to obtain 
Eqs. (32)-(36) can be found elsewhere in the literature [27],[36]-[38] and 
specially in Ref. [9]. We only remark here that, in general, in the FIR spec- 
tra of these systems, there exist a non-negligible contribution coming from the 
interference between pure induced and pure allowed spectra. Only when an 
isotropic diatom-atom potential is assumed, interference terms vanish. One of 
the assumptions underneath the above equations is precisely the isotropy of 
the interactions, and thus these expressions allow to calculate only the inte- 
grated absorption coefficients of the pure terms contributing to absorption. We 
restrict our discussion only to those pure induced spectral moments with radial 
functions Bxi{Rk) given by Eq. (4). 

The thermodynamic conditions we have elected to perform a systematic 
study of OL\ xL for CO in liquid Ar are the following: 

(1) Evolution with temperature for a fixed solvent density, p = 1.3 g/cm^, 
and temperatures between 90 and 150 K. This interval in the temperature ap- 
proximately covers all the range between the temperature of the triple and 
critical points for Ar. 

(2) Evolution with density for a fixed temperature, T = 130 K and densities 
between 1.1 and 1.5 g/cm^. This density interval roughly covers all the region 
between the solid-liquid and liquid-gas coexistence curves. 

For all these thermodynamic states we performed molecular dynamics sim- 
ulations with the same technical details that in Sec. 3. The results have been 
normalized in such a way that they are independent of the solute density and 
the values of the electric multipole moments of CO. This normalization reads: 



1 o.\,xlRI 



(39) 
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Figure 3. Evolution with temperature of the translational, and rotational, compo- 
nents of Lines represent linear fittings for each term: solid line, dashed line, 
and lines-points, Units are cm^~^^/g for each multipolar order. 



where ai^p = p^(27C//p)/(3c/^) is the integrated permanent dipole absorption. 

5.1. EVOLUTION WITH TEMPERATURE AND DENSITY 

The evolution with temperature of the translational, and, rotational, 

contributions is displayed in Fig. 3. For dipole induced-dipole (X= 1), both 
contributions are very similar in magnitude, but when we go to higher multi- 
polar terms the rotational contribution is always clearly greater than the trans- 
lational one for any temperature. This can be understood in terms of the range 
of the multipolar induced mechanisms: higher multipolar terms correspond to 
shorter ranges and at short ranges translation is more hindered than rotation. 
Respect to the relative evolution with T, both contributions increase almost 
linearly with temperature, and oCj ^ always increase with T clearly faster than 

^l,U* 

The evolution with density of the translational, and, rotational, 
contributions is displayed in Fig. 4. The translational component of dcj ;^ al- 
ways increase linearly with density. This increase is greater for higher multi- 
polar orders. Nevertheless, the density behavior of ^ is more complicated. 
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Figure 4. Evolution with the solvent density of the translational and rotational components of 
“i.U,- Notation and units are as in Fig. 3. 



For D, Q and O, it decreases with density (decreasing that diminishes with the 
multipolar order), but for H it increases with density. In any case the density 
behavior of is smoother than that of and this causes that the density 

evolution of the total integrated coefficient is mainly associated to 

With respect to magnitudes, “m 2 similar, with af 

low densities and the opposite for high densities. For all other multipolar terms, 

the rotational component is always greater than the translational one. 

Then, as a first conclusion, we obtain that for the CO-Ar system, the evo- 
lution of the pure induced components of the lAC with the thermodynamic 
conditions of the solvent is essentially due to the evolution of the rotation of 
the diatomic, specially for high-order electric multipolar terms. 

5.2. CANCELLATION EFFECTS AND DEGREES OF FREEDOM 

We have also evaluated firom MD simulations the two- and three-body compo- 
nents of tt] xi. The obtained results are reported in Table 2. These results show 
that the sign of the three-body components (i.e., the existence of destructive 
or constructive interferences) does not change in all the liquid phase, and so, 
the existence of cancellation or enhancement effects is independent of temper- 
ature or density. It seems to be only affected by the multipolar order, that is, 
the range of the functions to be averaged to compute ot] xt- Cancellation ef- 
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fects for long-range electric multipolar induction (D, Q, and O) progressively 
decrease and even get into enhancement when the range is low enough (for 
H). Furthermore, our results also show that cancellation effects for Z), Q and O 
are more complete (the absolute values of two- and three-body terms are more 
similar) as the isotropy of the fluid increase, that is, cancellation increases as 
density increases and temperature decreases. 



TABLE 2. Magnitude of cancellation effects for the translational and rotational components 
of dj XI for the system CO — Ar at different temperatures and densities. The upper part of 
the Table corresponds to a systematic study with temperature for a fixed density (1 .3g/cm^) 
and the lower part to a systematic study with density for a fixed temperature (130/T). Under 
the symbol of each contribution its radial decay is displayed. Note that for any component 
cancellation is absent when the decay is equal or faster than 
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From the results of Table 2 one can also conclude that the translational 
components present cancellation effects for dipole induced-dipole absorption 
and quadrupole induced-dipole absorption. For octupole and hexadecapole this 
cancellation moves to enhancement (notice that in the total integrated coeffi- 
cient there exist enhancement only for hexadecapole). Moreover, the existence 
of cancellation or enhancement for the translational component seems to be 
independent of the thermodynamic state in the range we are considering. The 
thermodynamic conditions seems to be important only with respect to the com- 
pleteness of cancellation or enhancement. For the rotational component the 
situation is slightly different, because there exist constructive interference be- 
tween many-body terms only for hexadecapole. In any other case and for any 
temperature or density, cancellation is clear. We also note that cancellation 
(when it exists) is always greater in rotational components than in translational 
ones. 
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6. Concluding remarks 

In the last years we have devoted special attention to the study of FIR absorp- 
tion spectra of both polar diatomic molecules with a low enough permanent 
dipole moment and nonpolar diatomic molecules in nonpolar fluids. In this 
context, our studies were focused on two main aspects. 

First, FIR spectra give valuable information about the nature of the induc- 
tion processes arising from the diatom-atom interactions. In the case of a very 
diluted solution at low and moderate gas densities and a highly polarizable sol- 
vent, the main induced contributions to the absorption intensity come from the 
multipole-induced dipole mechanisms. Hence, this type of spectra can be use- 
ful to obtain values of the leading multipole moments of the diatomic molecule. 
This is the case of CO-Ar and N 2 -Xe solutions, for which experimental FIR 
spectra at different densities are available. We have analyzed theoretically these 
spectra in order to estimate the leading multipoles of CO and N 2 . The the- 
oretical line shapes were obtained from the convolution of translational and 
rotational components. The former have been derived both from classical ap- 
proachs and MD simulations, while the latter have been evaluated by assuming 
that the translational degrees of freedom behave as a thermal bath and the rota- 
tional d)mamics of the diatomic is described by means of a quantum rigid rotor 
stochastically interacting with the bath. 

Second, we have shown the existence, at dense-gas and liquid densities, of 
static cancellation effects between many-body components of the pure induced 
terms of the FIR integrated absorption coefficient. These cancellation effects 
decrease when going to high multipolar induction mechanisms, and even for 
hexadecapole induced-dipole cancellation disappears and transforms into en- 
hancement. We have been interested in the influence of solvent temperature 
and density in the completeness of these effects and we have also tried to elu- 
cidate how the active degrees of freedom of the system affect the existence of 
cancellation or enhancement effects. In particular, for CO-Ar at liquid densi- 
ties, we concluded that when it exists, cancellation is more complete in these 
conditions where the liquid is more isotropic: low temperatures and high den- 
sities. Furthermore, the magnitude of cancellation is always more complete in 
rotational components. Moreover in any case rotational components are more 
important than translational ones, except for the dipole induced-dipole term, in 
which the importance of rotation and translation is similar. 

Also, we would like to stress the following points: 

(i) A crucial assumption in our spectral theory is the translational decou- 
pling approximation. It is a bit difficult to assess to what extent our estimates 
of the multipole moments of CO and N 2 depend on this approximation. In 
the low-gas density case, the excellent agreement between the value (25) and 
the measured by Meerts et al [29] for the quadrupole moment of CO seems 
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to justify a posteriori such approximation. In the liquid case, the small den- 
sity fluctuations make more consistent the decoupling approximation and thus 
one can hope that it does not practically influence on the corresponding esti- 
mates. Dense gas cases are subtler. Only comparisons with MD calculations 
seem to be the way of checking this approximation. In any case, we would like 
to remark that the translational decoupling picture works properly in order to 
reproduce all the considered spectra. 

(ii) Our spectral theory only considers the linear isotropic polarizability of 
the solvent, a^. Our estimates for Qx have been made for a fixed value of a^. 
Any change in its numerical value implies a modification of Qx values, so that 
^B 'Qx = cte in each considered case. In this context, it would be of interest to 
notice that interatomic interactions can induce an anisotropic polarizability. We 
have checked [37] that for the CO-Ar mixture at low-gas density anisotropic 
polarizability correction is negligible. As density increases, one can also ex- 
pect that the anisotropic polarizability of the solvent takes a very small value 
compared to the corresponding isotropic polarizability due to many-body can- 
cellation effects. 

(iii) Contribution due to the higher order electric multipoles was found 
to appreciably increase with density. This interesting effect, tentatively at- 
tributed to possible influence of the irreducible three-body dipoles or of the 
short-ranged (overlap) induction, certainly deserves further study. 

(iv) We have assumed that only electrostatic long-ranged induction mecha- 
nisms are responsible for the FIR absorption in the systems under study. Other 
contributions due to back induction, field-gradient effects, and nonzero sec- 
ond order (fourth rank tensor) hyperpolarizability of the solvent molecules are 
not considered. Ordinarily these effects can be neglected. Recently Samios et 
al. [39] calculated back-induction contributions in the infrared spectra of HCl 
in ecu. 

(v) Interference contributions arising from permanent-induced and indu- 
ced-induced cross-correlations have not been considered. Classical MD simu- 
lations [40] for CO-Ar show that at high-gas and liquid densities these inter- 
ferences can reach a 3% of the total FIR integrated absorption. Unfortunately, 
a quantum spectral theory taken into accoimt these interference effects is yet 
not available. 

Finally, we feel important to mention that in the last years interesting spec- 
tral theories [41] capable to take into account interferences among absorption 
lines and among spectral branches at any order have been proposed. These 
theories improve the secular-interference scheme by a new one based upon di- 
agonal and non-diagonal terms, in which interferences can be calculated in an 
exact way. Moreover, they are formulated independently of the spectral region 
considered and were succesfully applied to far- and near-infrared, and Raman 
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absorption [42]. It would be a challenging work in the future to extend this 
formalism to study the importance of interaction-induced effects in some open 
problems, as the appearance of Q-branch absorption on the central range of the 
near-infrared bands of hydrogen halides in simple liquid solvents [43]. 
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Abstract: The study of solvation phenomena is fundamental to the local microscopic 

Structure and dynamics of liquids and aqueous solutions and the chemical reac- 
tions that take place in them. Here we review some of the recent theoretical 
and computer simulation advances in the study of hydrophobic effects in small 
relatively simple non-polar molecules in aqueous solution. We also summa- 
rize recent efforts in understanding aqueous DMSO solutions as a system 
where both hydrophobic and hydrophilic effects seem to be present. 

Key words: Hydrophobic, hydrophilic, DMSO, water, aqueous solution, computer simula- 

tion 



1. INTRODUCTION 

In recent years there has been considerable academic and technological interest 
in the microscopic structure and dynamics of liquids and aqueous solutions. The 
hydrophobic and hydrophilic solvation properties of water are key to our under- 
standing of the formation, structure and stability of micelles, bio-membranes and 
proteins. Over the last 50 years or so a vast amount of research has been carried out 
to try to rationalize a number of aqueous phenomena ranging from the low solubility 
of inert gases in water to the assembly of micelles, the folding of proteins and 
ligand-protein and protein-protein interactions [1-10]. 

Liquid water is a unique molecular system whose solvation properties are proba- 
bly central not only to explaining the molecular-scale forces responsible for the 
structure, stability, interactions and function of biomolecules, but also to explaining 
the origin of life itself. Water has a number of peculiar properties, such as having a 
density maximum above the melting point and a very low compressibility [11,12]. 
It is widely thought that the hydrogen-bonding interactions between water molecules 
play a crucial role in determining these physico-chemical properties and as well as 
water’s solvation properties. 

Much of the more fundamental work in this area has been carried out hand in 
hand with the development of models and theories of the unique thermodynamic. 
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structural and dynamical properties of neat water itself. We give here a brief ac- 
count of some of the theoretical and computer simulation efforts that have recently 
appeared, in an attempt to provide a concise picture of the current standing of the 
theory and computer simulation of hydrophobic and hydrophilic effects. 



2. THE HYDROPHOBIC EFFECT 

The low solubility of non-polar gases in water is the simplest example of the hy- 
drophobic effect. Other, more complex, and certainly much more important, phe- 
nomena in which the hydrophobic effect plays an important role are the assembly of 
micelles and bilayer membranes, the folding, stability and aggregation of proteins 
and drug delivery [1-10]. 

The hydrophobic effect exhibits characteristic thermodynamic fingerprints that 
distinguish it from other solvation effects [5,6,9]. In contrast to hydrophilic hydra- 
tion, which is enthalpically driven, hydrophobic hydration is entropically driven at 
room temperature and characterized by a large positive heat capacity change. Cru- 
cially, the hydrophobic effect manifests itself by an unusual temperature depend- 
ency. For example, the solubility of non-polar solutes in water often decreases with 
increasing temperature until a minimum is reached, and some proteins undergo what 
is called cold denaturation upon cooling [10]. These properties have no known 
counterparts in organic solvents and are assumed to arise from the unique structure 
of liquid water. Several properties of liquid water, such as its low compressibility, 
the packing of water molecules and the existence of hydrogen bond networks have 
been proposed to play a part in explaining the hydrophobic effect, but their precise 
role remains unclear [9,13]. 

The hydrophobic effect has been studied from a wide range of experimental, 
theoretical and computational perspectives. Experimental determinations have pro- 
vided the fundamental thermodynamic phenomenological description of the hydro- 
phobic effect [6,10], allowing for the development of empirical models for the pre- 
diction of aqueous solubilities or hydrophobic contributions to protein fold- 
ing [9,10,14]. Analytical theories have been put forward to try to explain the hydro- 
phobic effect at a molecular level [15-19]. Computer simulations have been used to 
reproduce measured characteristic properties of simple hydrophobic phenomena, to 
provide a microscopic description of the solvent around hydrophobic species and to 
determine which factors are responsible for the hydrophobic effect in its various 
forms [20-25]. 



3. AN INFORMATION THEORY OF HYDROPHOBIC EFFECTS 

A number of analytical and semi-analytical approaches to the theory of hydro- 
phobic effects have appeared over the years. Most of them give hydrogen bonding a 
central role [1-3,18,26]. A number of recent theoretical developments have shown 
that the microscopic nature of the hydrophobic effect is dependent on the length 
scales involved [27,28]. We concentrate here on the weak, short-ranged attractions 
experienced by small hydrophobic species in aqueous solution. 

The analysis of the dependence of the excess chemical potential of a solute on 
the probability distribution of cavity sizes in water and other molecular liquids has 
provided a deep insight into the hydrophobic effect [15,16]. The comparison of dis- 
tributions of cavity sizes in water and non-polar liquids (such as hexane) arising 
from density fluctuations has revealed that one is less likely to find a cavity of 
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atomic or small molecular size in water than in a hydrocarbon liquid under the same 
thermodynamic conditions, even though water has more free volume [20,21]. As a 
consequence, a non-polar solute is less soluble in water than in a non-polar liquid. 
The success of such scaled-particle theories revealed that a specific knowledge about 
the arrangement of hydrogen bonds between water molecules around non-polar sol- 
utes is not needed to capture the main features of the hydrophobic effect. Instead, 
the role of hydrogen bonds arises by influencing the bulk properties of water, such 
as the density and the radial distribution functions [17]. 

In recent years an information theory has been developed on the basis that 
knowledge of the density and the radial distribution functions is essential for the 
correct description of the hydrophobic effect. This theory allows for the calculation 
of the excess chemical potential of cavities of molecular sizes and arbitrary shapes. 
As in the case of small cavities, the model requires only results of simulations of the 
neat liquid. Computer simulations have been used to analyze the statistics of tran- 
sient cavities in water, showing that the above probability distribution is accurately 
predicted by a maximum entropy model using the two moments that are obtained 
from the experimental liquid density and the experimental radial distribution of oxy- 
gen atoms [19]. This two-moment model can predict the solubility of non-polar 
molecules, potentials of mean force, and hydrophobic effects on conformational 
equilibria [29]. This theory has also provided an interpretation of the hydration ef- 
fects influencing protein stability, as is the case of the pressure denaturation of pro- 
teins [30] and the convergence of the entropy of transfer [31]. However, this model 
still fails to describe the effect of dewetting large hydrophobic surfaces [13,28]. 



4. COMPUTER SIMULATION OF HYDROPHOBIC EFFECTS 

One of the main goals in the computer simulation of hydrophobic effects has 
been the study of the aggregation of simple non-polar solutes in aqueous solution 
and the associated potentials of mean force. These simulations are of great impor- 
tance since the hydrophobic effects responsible for the interaction between non- 
polar solutes are likely to manifest themselves with the opposite thermodynamic 
fingerprints as those observed in hydrophobic hydration [9]. Furthermore, the clus- 
tering and aggregation of non-polar chemical groups is likely to be the mechanism 
underlying many biomolecular processes such as membrane formation, protein fold- 
ing and ligand binding [5,6]. 

Early simulations of a number of non-polar particles in solution exhibited no 
clear tendency for aggregation [32-35]; however, these studies were carried out at 
low temperature. During the last ten years a number of molecular dynamics simula- 
tions have attempted to measure directly the tendency for aggregation of small non- 
polar solutes in solution and, in particular, its temperature dependence [36-39]. 
These simulations found the existence of a temperature maximum after which ag- 
gregation decreased, as expected from the temperature dependence of the solubility 
of these solutes. 

The pairwise interaction between non-polar solutes in solution is best described 
by the potential of mean force (PMF) acting between them. Early studies showed 
the existence of well-defined contact and solvent-separated configurations. The 
contact configuration was seen having a significantly lower relative free energy 
[40,41] and becoming deeper as temperature was increased [42,43]. The entropic 
contribution to the free energy was found to produce an attraction between the sol- 
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utes at short distances, which increases as temperature rises [42,43]. Particle- 
insertion methods confirmed that the contact configuration was more stable than the 
solvent-separated one [44]. However, the use of polarisable water models produced 
some ambiguous results about the relative stability of the contact and solvent- 
separated configurations [45,46]. A thorough examination of the effect of tempera- 
ture revealed that the contact configuration becomes more populated in the range 
300-350 K as temperature increases, reaching a maximum after which the tendency 
for aggregation decreases [47,48]. It was confirmed that the hydrophobic aggrega- 
tion is entropy driven at low temperature and enthalpy driven at higher temperatures 
[47,48]. 

The effect of density on the above PMF calculations has also been a matter of 
some controversy. A study at two different temperatures with corresponding differ- 
ent densities seemed to contradict earlier studies by showing little temperature de- 
pendence of the tendency for aggregation [49]. Some of the above studies also 
compared two PMFs at the same temperature but with different water densities but 
found no significant pressure effect [47,48]. Further PMF calculations have been 
shown to be pressure dependent [50,51]. However, a calculation using a polarisable 
model of water not only confirmed the increased tendency for aggregation with in- 
creasing temperature and its entropic nature, but also concluded that the PMF calcu- 
lated under constant pressure conditions should give similar results if calculated 
under constant volume conditions if the correct volume is used [52]. Further PMF 
calculations showed yet again that a higher water density raises the desolvation bar- 
rier between the contact and solvent-separated configurations and stabilises the for- 
mer [53], with the pressure effects being amplified with larger solutes [54]. It was 
then found that the entropy and enthalpy of the contact configuration are rather pres- 
sure insensitive, while solvent-separated configuration is increasingly stabilised at 
higher pressures by enthalpic contributions that offset the slightly unfavourable en- 
tropic contributions to the free energy [55]. 

Calculations of the heat capacity change upon aggregation of two non-polar par- 
ticles in solution gave a small and positive value, contrary to what would be ex- 
pected if hydrophobic aggregation were the simple partial thermodynamic reversal 
of hydrophobic hydration [56]. However, other calculations have yielded large 
negative changes in the heat capacity upon two-particle association [57]. 

The issue of cooperativity in hydrophobic interactions has recently become the 
subject of controversy. The comparison of three-methane and multiple-methane 
PMFs with two-methane PMF showed that the effective interactions when the 
methanes are in contact is anti-cooperative [58], later confirmed through a modified 
PMF expansion of the free energy [59]. However, another investigation concluded 
that the three-methane interaction had small cooperative effects at the contact con- 
figuration [60], and this cooperativity in the hydrophobic interaction increased with 
larger solutes [61]. A subsequent thorough study of the spatial dependence of three- 
body effects then showed that a majority of three-methane configurations exhibited 
anti-cooperativity [62], and a discussion about the actual details of the PMF calcula- 
tions ensued [63,64]. A recent study confirmed the anti-cooperativity of the hydro- 
phobic interaction for both the contact and solvent-separated configurations, while 
cooperativity was observed at the desolvation barrier [65]. Increasing the solute size 
or adding salt increased this anti-cooperativity, while increasing the pressure had the 
opposite effect [65]. 
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5. HYDROPHOBIC VERSUS HYDROPHILIC EFFECTS: THE CASE OF 

AQUEOUS DMSO SOLUTIONS 

Mixtures of water and dimethyl sulfoxide (DMSO) provide an interesting exam- 
ple of how a rather aprotic substance can affect the structure of water. DMSO is a 
bifunctional molecule, having both polar and non-polar groups and thus exhibiting 
hydrophilic and hydrophobic effects simultaneously. 

Aqueous DMSO solutions have unique physical chemical and biological proper- 
ties [66,67]. DMSO and water can mix in all proportions, and the excess thermody- 
namic properties of their solutions exhibit strong deviations from ideality, such as in 
the density [68,69], viscosity [69,70], adiabatic and isothermal compressibility [71], 
relative dielectric permittivity [72,73], surface tension [73,74] and heats of mixing 
[69,75-77]. Solutions of DMSO in water have very low freezing points compared to 
the neat liquids [78]. These solutions can act as cryoprotectant for membranes and 
proteins [79,80]. The molecular mechanisms responsible for these physical and bio- 
logical properties are poorly understood. 

Aqueous DMSO solutions have been investigated using X-ray and neutron dif- 
fraction [81,82], as well as optical [76,83-88], acoustic [71,89-91], NMR [92-98] 
and dielectric [99-102] spectroscopies. The commonly accepted picture that has 
emerged from these studies is that at low concentration DMSO behaves as a strong 
structure maker by rigidifying the water structure, possibly through the hydrophobic 
hydration of its methyl groups. However, some recent combined quantum chemical 
and computer simulation studies have challenged this view [103,104] 

Early simulations showed a sharpening in the water-water pair correlation func- 
tions, the existence of 1DMS0:2H20 hydrogen-bonded aggregates and a hydropho- 
bic interaction between DMSO molecules, in DMSO concentrations of up to 0.2 
mole fraction [105]. Other simulations at concentrations of up to 0.35 mole fraction 
have revealed the structuring of water with increasing DMSO concentration with a 
simultaneous decrease in the average number of water- water hydrogen bonds [106], 
in agreement with neutron diffraction data [107,108]. However, no evidence of hy- 
drophobic interactions between the methyl groups of DMSO was found, despite the 
characteristic hydrophobic hydration orientational correlations of water around these 
non-polar groups [105,109]. The strong DMSO-water correlations observed in these 
mixtures were explained as arising from the stronger DMSO-water hydrogen bonds. 

Molecular dynamics simulations across the entire DMSO composition range in 
water revealed the existence of a 1DMS0:2H20 aggregate in water-rich mixtures 
and a 2DMS0:1H20 aggregate with a central water molecule making hydrogen 
bonds to two DMSO molecules in DMSO-rich mixtures [110]. Other kinds of ag- 
gregates have also been observed [111,112]. 

We have recently performed a series of simulations at different concentrations 
[113] and temperatures [114]. The increase in DMSO concentration from 0.055 to 
0.19 mole fraction saw the enhancement not only of the water- water structure but 
also of the hydrophobic hydration shell around the methyl groups of DMSO, while 
at the same time the strength of the hydrogen bonds between water and DMSO was 
increased [112]. Figure 1 shows the Me-OW and Me-H pair correlations between 
the methyl groups of DMSO and the water sites. The sharpening of the peaks in 
these pair correlations indicate that an increase in DMSO concentration enhances the 
structuring of water around the non-polar Me groups. The positions of the first 
peaks reveal that water molecules adopt a nearly tangential arrangement in the vicin- 
ity of the Me groups, which is characteristic of hydrophobic hydration. Figure 2 
shows the OS-OW and OS-HW pair correlations between the oxygen in the sul- 
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phonyl group of DMSO and the water sites. The increase in DMSO concentration 
produces a significant sharpening of the peaks of these pair correlations, with water 
molecules establishing a linear hydrogen bond to the OS atom in DMSO. At a 
DMSO concentration of 0.19 mole fraction there are practically no bulk water mole- 
cules left. As a consequence, there is an apparent loss of hydrogen bonds for water 
molecules in the first hydration shell of DMSO, explaining their increased structur- 
ing to compensate for this loss [112]. 



Methyl-water pair correlations 




Figure /. Me- water radial distribution functions at different DMSO concentrations at 298 K. 

Similar hydration patterns were also observed as the temperature was gradually 
increased at the lower DMSO concentration of 0.055 mole fraction [113]. However, 
no temperature-dependent hydrophobic interactions were detected. Figure 3 shows 
the Me-Me pair correlation between the methyl groups of DMSO, which portrays 
the average tendency for aggregation of these non-polar groups at different tempera- 
tures. There does not seem to be any clear temperature trend, which is the main fin- 
gerprint of hydrophobic interactions [36-39], since the tendency for aggregation 
seems to decrease from 298 to 318 K before increasing significantly at 338 K [1 13]. 
This evidence seems to reveal that the hydrophilic hydration properties of DMSO 
dominate over any hydrophobic effects that may arise as temperature is increased. 
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Figure 2. OS-water radial distribution functions at different DMSO concentrations at 298 K. 



Me^Me pair correlatJong 




Figure 3. Me-Me radial distribution functions for different temperatures at a DMSO concen- 
tration of 0.055 mole fraction. 



Aqueous solutions of DMSO provide a good example where both hydrophobic 
and hydrophilic hydration is observed. However, the stronger nature of the DMSO- 
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water interactions seems to predominate over the weak, temperature-dependent hy- 
drophobic interactions that may have arisen otherwise. These findings have implica- 
tions about the true properties of the hydration structure around complex organic 
molecules and large biomolecules. 
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Abstract: We describe molecular dynamics computer simulations coupled with quantum 

chemical calculations of relevant geometries and interaction constants for 
studying the detailed behavior of solvent-containing Nafion® membranes. Our 
attention here is focused on the effect of different solvent additives on the 
equilibrium structure of micellar aggregates. Taking into account the practical 
importance of methanol membrane fuel cells, methanol-containing systems are 
the subject of our primary interest. Also, we study mixed aggregates contain- 
ing alcohols H(CH 2 )nOH with longer hydrocarbon chain, up to « = 7. In the 
case of the bicomponent solvent-containing aggregates we have suggested how 
events occurring at the molecular level produce polymorphic transitions in 
these mixed aggregates from spherical structures toward cylindrical and rather 
exotic toroidal micelle structures, stabilized by a more uniform compact pack- 
ing of the hydrophobic groups in the micelle exterior. These transitions pre- 
dicted in the present study illustrate how intermolecular forces such as solva- 
tion as well as solvent chain length can affect overall aggregate structure and 
result in polymorphism. 



I. INTRODUCTION 

Nafion® represents a novel family of ionic copolymers (ionomers) which con- 
sists of a poly(tetrafluoroethylene) backbone with short perfluoro- polyether pendant 
side chains terminated by ionizable sulfonate grounds. When swollen in polar sol- 
vents (water, alcohols), the structure of Nafion® resembles that of a three- 
dimensional array of inverse micelles in which the ionic end groups of side chains 
are clustered together in solvent-containing aggregates within the apolar perfluoro- 
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carbon matrix. It is assumed that the mixed aggregates are interconnected by short 
channels acting as transient crosslinks in the polymer. This organized structure ex- 
hibits excellent ionic conductivity and electrochemical and chemical resistance [1,2]. 
Due to these features, the solvent-containing Nafion® membranes are widely used in 
a lot of electrochemical devices such as water electrolyzers for hydrogen energetics, 
batteries, and methanol membrane fuel cells, which are seen as the most promising 
energy suppliers for vehicles [1-5]. 

The equilibrium structure of mixed aggregates formed in ionomer systems was 
shown to be governed by both the interaction between associating groups and the 
nature of solvent [6-8]. In principle, one can distinguish the following three aggre- 
gation regimes: (i) When the characteristic energy s of attraction between associat- 
ing groups is comparable to the aggregates have broad, thermally fluctuating, 
interfaces between their inner and outer regions. This regime is known as the weak 
segregation regime [9-1 1]. (ii) If the attractive forces become more intensive (or the 
temperature is lowered), the thermal fluctuations of interfaces decrease leading to 
the aggregates with well-separated inner and outer regions. Such a structure is 
analogous to the microphase separated structure observed in two-letter AB block 
copolymers in a selective solvent that is an extremely poor solvent for A blocks and 
good for B blocks. In the context of phase separation phenomena, this regime corre- 
sponds to the strong segregation regime, (iii) With a further increase of the effective 
energy 8, one can observe the crossover transition from the strong segregation re- 
gime to the so-called superstrong segregation regime [12] in which specific rear- 
rangements of the aggregate structure take place. The superstrong segregation is 
difficult to achieve for usual block copolymers with long A and B chain sections. 
However, this regime is easily realized for ordinary ionomers in the medium of low 
polarity due to the very strong dipolar attraction between ionic groups (in this case, 
the characteristic energy is |e| « 10^25 kgT [13]). The perfluorinated ionomers, in- 
cluding Nafion®, are corresponding to this category. 

One of the most interesting features of the ionic aggregates (multiplets) emerg- 
ing in the superstrong segregation regime is their non-spherical geometry. Non- 
spherical aggregates have been observed in solutions and melts of ionomers and 
associative polymers [14-21]. In particular, disklike [17,18] and lamellar [19] mi- 
crostructures have been reported. Small-angle X-ray and neutron scattering (SAXS 
and SANS) studies of the perfluorinated ionomers have revealed the presence of 
non-spherical aggregates in these systems [14,15]. Depending mainly on the nature 
of the solvent, Aldebert et al. [14,15] and Loppinet et al. [21] observed disklike and 
rodlike shapes for the mixed multiplets whose radius was found to vary from «20 to 
«25 A. Recently, the existence of rodlike shape aggregates formed in short pendant 
chain prefluorinated ionomers in the presence of polar solvents was confirmed using 
SAXS and SANS techniques [22]. The aggregate radius was found to be «1 7 A for 
water-containing systems. 

In our previous work [8,23,24], using Monte Carlo computer simulation, we 
have performed a study of the structure of mixed solvent-containing aggregates 
formed by one-end-functionalized associating chains. In the present work, we will 
pursue this line further, using a more sophisticated model and molecular dynamics 
simulation technique. Our attention here will be focused on the effect of different 
solvent additives on the equilibrium structure of micellar aggregates. Taking into 
account the practical importance of methanol membrane fuel cells, methanol- 
containing systems will be the topic of our primary interest. 
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2. COMPUTATIONAL TECHNIQUES AND MODEL 

2.1 QUANTUM MECHANICAL CALCULATIONS 

The side chains in Nafion® are perfluorinated double ether chains with the fol- 
lowing structure 



-CF 0 CF 2 CF(CF 3 ) 0 CF 2 CF 2 S 03 H 

To study interactions between the hydrophilic sites in Nafion® and solvent mole- 
cules, in the previous papers [23,24] we performed semi-empirical and ab initio self- 
consistent-field (SCF) molecular orbital calculations for some model systems, in- 
cluding the complexes with the trifluoromethane sulfonic acid (CF3SO3H) and single 
"probe" water and methanol molecules. Also, the same calculations were carried out 
for the bimolecular complexes CF3SO3H/CF3SO3H, H2O/H2O, and CH3OH/CH3OH. 

In the present study, the computational scheme was implemented as a two-step 
process. In the first of these steps, fully optimized geometries were computed using 
the standard semi-empirical method AMI, which predicts reasonable results for 
fluorine-containing compounds [23], and the Polak-Ribiere conjugate gradient 
method. The second step then consisted of the calculation of the potential energy of 
ground state using the Hartree-Fock MO-LCAO approximation with the conven- 
tional ab initio basis sets such as STO-3G, D95**, 6-31G**, 6-31 IG**, etc.. Of 
course, choosing a proper basis set in ab initio calculations is critical to the reliabil- 
ity and accuracy of the calculated results. Electronic potential derived atom centered 
partial charges were found on the basis of commonly-used schemes (see below and 
Ref [25]). The characteristic potential energies of attraction, e, were obtained as a 
difference between the potential energies of the geometry optimized molecular com- 
plexes and the same two noninteracting molecules, at infinite separation. As an ex- 
ample, the values of 8 found using the methods mentioned above are presented in 
Table 1. 

In principle, the electrostatic potential, v|/(r), at a given distance r from a point 
charge is given by Coulomb’s law. However, for multiple charges in three- 
dimensional space (both point nuclear charges and electrons in molecular orbitals), 
the equation becomes too complex. We defined the 3D function \|/(r) = v|/(x,y,z) as 
the potential energy of a unit positive charge interacting with the bimolecular sys- 
tems under consideration. In calculating the interaction with electrons in molecular 
orbitals, we found the v|/(r) function using a full expression (i.e., without neglecting 
components due to diatomic differential overlap) when an ab initio method was cho- 
sen. 

The minimum energy configurations of the systems CH3OH/CH3OH and 
CH3OH/CF3SO3H together with the corresponding 3D electrostatic potentials are 
shown in Fig. 1. The analogous data for water-containing molecular systems have 
been presented in our previous study [23,24]. As seen from Fig. 1, the optimized 
molecular complex CH3OH/CF3SO3H demonstrates the presence of a typical nonco- 
valent hydrogen bonding interaction between the sulfonic acid group and the metha- 
nol molecule which is located near the OH group of the trifluoromethane sulfonic 
acid. It should be noted that the distances separating the oxygen atoms in this com- 
plex are significantly smaller as compared to these found for the minimum energy 
structures corresponding to the perfluorinated ether, CF3OCF3 with a single probe 
molecule CH3OH and the complex CH 30 H/H(CF 2 ) 5 H which can be considered as a 
model of the solvated backbone chain in Nafion®. 
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TABLE L The interaction energies, 8 , found for bimolecular complexes using 
different qu antum mechanical methods 



Quantum Mechanical Method 


Characteristic Energy 8 , 
Kcal/mol 


H 2 O/H 2 O 1 


AMI 


-5.46“> 


STO-3G 


-5.87“> 


STO- 6 G* 


-5.14 


6-21G** 


-8.70 


5-3 IG** 


-5.62 


6-3 IG** 


-5.53“' 


D95** 


-4.94 


6-31 IG** 


-5.54 


1 CH 3 OH/CH 3 OH 1 


AMI 


-3.74“> 


STO-3G 


-3.00“' 


3-2 IG 


-4.62“' 


STO- 6 G* 


- 2.02 


6 - 21 G** 


-6.56 


5-3 IG** 


-4.76 


6-3 IG** 


-4.96“' 


D95** 


-3.78 


6-31 IG** 


-5.70 


1 CF 3 SO 3 H/H 2 O 1 


AMI 


-12.9“' 


STO-3G 


-6.50 


1 CF 3 SO 3 H/CH 3 OH 1 


AMI 


-9.77“' 


STO-3G 


-7.35 


1 CF 3 SO 3 H/CF 3 SO 3 H 1 


AMI 


-12.4“' 


STO-3G 


-14.0 



a) Fully optimized geometries 



This indicates that methanol absorbed by the Nafion® membrane should be pref- 
erentially localized near the polar terminal parts of the pendant chains. The same is 
true for water molecules which demonstrate even slightly more extensive hydrogen 
bonding [23]. On the contrary, both the ether groups of the pendant chains and per- 
fluorinated main chain should be considered as hydrophobic. However, compared to 
water, methanol shows more extensive attraction to the hydrophobic polytetra- 
fluoroethylene skeleton of Nafion®. As a result, it can be expected to be a better sol- 
vent for Nafion® compared to water. 
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Figure 1. The minimum energy configurations of the interacting bimolecular systems (a) 
CH3OH/CH3OH and (b) CH3OH/CF3SO3H. The corresponding 3D electrostatic potentials are 
shown. 

2.2 MOLECULAR DYNAMICS SIMULATIONS 

It is clear that detailed atomistic description of complex solvent-containing ag- 
gregates with explicitly represented chemical groups and all structural features is 
practically impossible in any simulation techniques, and ab initio calculations are 
currently out of the question for such large systems. Taking into account these cir- 
cumstances, we will employ in our molecular dynamics (MD) calculations a coarse- 
grained model of the system. 

Elliot et al. [26] have used MD method to simulate water-containing ionomer 
membranes. In this study, the system was modeled in a simplified way - as a mix- 
ture of single sulfonate fragments rather than a fully connected comblike Nafion® 
copolymer. Such a representation was taken in order to produce higher molecular 
mobilities, so that the system under study could undergo more significant structural 
reorganization over the course of a simulation. In our MD study we decided to use 
the same representation. Moreover, we further simplified the model by introducing 
the united atom (UA) approximation, that is, all the hydrogen-containing groups 
were assumed to be single spherical units with "collapsed" hydrogen atoms. In this 
case, water molecule is viewed as an one-center spherical particle, and methanol 
molecule is considered as a two-center (dumb-bell) particle. 

The model system as a whole was similar in spirit to the one used in our previ- 
ous works [8,23,24,27]. We consider a three-component system containing chain 
molecules with strongly attracting sulfonate end-groups, apolar external medium, 
and polar low-molecular-weight solvent (water or alcohols). Each chain molecule 
consists of Nc UA units in the main chain. Since most of the experimental studies of 
solvated Nafion® were performed for Nafion® 117 having equivalent weight EW = 
1 200 g/equiv (E W is the mass of solvent-free polymer containing one mole of sul- 
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fonate groups), we chose = 7, resulting in EW « 1160. As a whole, the system 
was modeled as an ensemble of ric associating chains and solvent molecules, each 
of these molecules consists of UA units (Ns = 1 for water. Ns =2 for methanol. Ns 
= 3 for ethanol, etc.). 

In general, formation of aggregates in ionomers is governed by a delicate bal- 
ance between two competing effects: a free energy term associated with the dissolu- 
tion of the polar groups in apolar medium and the dipolar attraction between these 
groups, favoring aggregation, which are counteracted by the repulsion between con- 
nected apolar chain sections, preventing macrophase separation. Depending on the 
distribution of the chemically distinct groups and their fraction, various types of 
final morphologies (modulated phases) are possible. In addition to controlling the 
type and period of condensed modulated phases, the balance of competing interac- 
tions also determines the stability of the shapes assumed by individual ionic aggre- 
gates (multiplets). With these effects in mind we devised an effective potential based 
on site-site UA interactions and on the results of our quantum-chemical calculation. 

The inter- and intramolecular interactions can in principle be obtained from di- 
rect quantum-chemical calculations similar to presented above. Unfortunately, such 
a straightforward approach is practically unfeasible today. In this study, the resulting 
inter-(intra-) molecular potential was represented with some simple functional form 
in order to be applicable in subsequent MD calculations. A pair of sites i and j be- 
longing to different molecules or any two non-bonded sites within a molecule inter- 
act via a shifted (repulsive) Lennard-Jones (LJ) function, Uu(r), plus a screened 
attractive Coulomb term, Uc(r) 



Uu{r) = 



48 






jj 

K J 












1 

+ — 
4 



, if r < r. 






0, if r > r. 






( 1 ) 



ECT 






-\2 



UXr) = - 



1-1 - I I , ifr< r, 

0, if r > 



( 2 ) 



where r = |r, - rj is the separation between sites i and J, 8u and Ou are usual LJ 
parameters, /'u= 2 ''“gu denotes the distance at which the potential (1) is cut, e and a 
are the corresponding energy and distance parameters of the attractive potential (2), 
and rc is the screening length, i.e., the cutoff distance. The internal bond vibrations 
were treated explicitly using the following potential [28] 






8 





+ 1 



\rj 



ii r<h 



b 

2b-r 



12 

-2I 



b 

2b-r 



+ 1 



if r > ^ 



( 3 ) 



which links the respective neighboring sites i and j (li -j\= 1) into a chain with 
given bond lengths b. This potential has the form of a simple shifted LJ function for 
r<b and has the symmetric form for r> b, being positive for all r. Note that at e* = 
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8lj the time scale corresponding to the intramolecular vibrational motion, = 
is not shorter than that of the translational motions of the atomic groups. 

It is clear that the main energy parameters determining the structure of solvent- 
containing aggregates and their stability are the values Eap which characterize the 
attractive interaction between the "cluster-forming" polar terminal groups a and P 
belonging to sulfonate fragments or solvent molecules. Below, these hydrophilic 
groups are denoted by the subscripts "/" and "5’", respectively. The semi-empirical 
and ab initio quantum mechanical calculations have shown that the absolute values 
of these energy parameters are much greater than those characterizing the interac- 
tions with the participation of hydrophobic Qi) groups (CH 2 , CF 2 , etc.). Thus, it was 
decided to set 8/,/, = Zht = e/, 5 = 0, because the physical background for these interac- 
tions is quite similar. As a result, in the model under consideration the hydropho- 
bic/hydrophobic and hydrophobic/hydrophilic interactions are represented as pure 
excluded- volume effects determining by the LJ potential (1). This condition corre- 
sponds to such external medium which acts as a good (athermal) "solvent" for hy- 
drophobic polymer sections and hydrophobic solvent groups. 

Below, all the parameters and the results of calculations are expressed in stan- 
dard reduced units, i.e., lengths and energies are measured in LJ units of Ou and 8u, 
temperature T in units of and time t in units of x = cilj(w/8lj)^^^, where m is 
the mass of the corresponding unit and Ub denotes the Boltzmann constant. In accor- 
dance with our previous study [23,24] and the quantum mechanical calculations pre- 
sented here, we put Zti ~ ^ts~ -10 and 8^^= -5. For convenience, features associated 
with position along the chain molecule - pseudoatoms and bonds - are numbered in 
increasing order from the terminal polar group to the opposite hydrophobic end, i.e., 
the associative hydrophilic group is UA #1. There are no additional angular con- 
straints imposed on adjacent bonds other than those which are a consequence of the 
potential (1). We also ignore dihedral-angle potentials. 

The evolution of the system was followed by numerical solving the Newtonian 
equations of motion using the Verlet leapfrog algorithm and Gaussian isokinetic 
(GI) scheme to achieve constant kinetic energy [29,30]. It should be noted that the 
implementation of GI constant temperature scheme is not easy within the framework 
of a simple Verlet algorithm. The computational procedure used in this study is de- 
scribed in Appendix A. 

We present the following type of MD simulation. The molecular aggregates (i.e., 
single micelles) were prescribed a priori and then the micelle organization was stud- 
ied as a function of temperature, micelle size, and the amount of solvent particles 
incorporated into the micellar core. The same computational scheme has been used 
in one of our previous papers [8]. 

The simulations were started from a structure with the sulfonate chain fragments 
in all-/ra«5-conformation and extending radially from the coordinate origin sur- 
rounded by a hole. This corresponds to a fairly loose micellar assembly. The solvent 
molecules were placed in the hole inside the aggregate. Initial configurations were 
annealed and then averages were calculated. Associating hydrophilic groups (SO3H, 
H2O, OH), belonging both to the sulfonate fragments and the solvent molecules, 
were considered as a single micellar core if they form a connected cluster. A cluster 
was defined as such an aggregate in which each polar group was not further away 
than a radius = 2^'^ from at least one other polar group in the aggregate. This 
means that the cluster could assume any possible geometry. We call a cluster "sta- 
ble" if the set of contributing particles fulfills the criterion given above over a full 
time period of simulation. We have experimented with values of Rd ranging from 
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2*^^ to 2.8 and found that the properties of the clusters are relatively insensitive to Rd 
which lies well within the region of strong attraction of the potential (2) involving 
energy parameters \zJkBT\ > 5. A total aggregation number,/?, of a given system is 
the number of groups forming the micellar core and is a constant coinciding with the 
number of chains in the system, plns rts solvent molecules. 



3. RESULTS AND DISCUSSION 

3.1 SOLVENT EFFECT ON AGGREGATE STABILITY 

As has been mentioned above, the effective potential (2) is, of course, only a 
prototype of a realistic potential for interactions involving hydrophilic groups. Sim- 
plifications are introduced partly for computational efficiency but also because of 
our limited knowledge concerning treatment of the corresponding molecular forces 
in the framework of classical approach. Our preliminary simulations have shown 
that the most essential properties of aggregates and their stability do not practically 
depend on the detailed functional form of the interaction potential, but depend quite 
strongly on the radius of the interaction between aggregating groups. At a given 
temperature, this parameter plays a main role in determining the stability of aggre- 
gates in the strong and superstrong segregation regimes. Thus, first of all we will 
examine the behavior of mixed solvent-containing aggregates at different values of 
rc and solvent content, rig. To this end, the following calculation scheme was used 
(see also Ref [8]). 

A given number fig of solvent particles was incorporated into the core of an ag- 
gregate of a given size, ric. The system was equilibrated at T = 1 and rc = 3, which 
corresponds to strong interaction between particles and provides micelle stability 
during a long period (about 10^ time steps and more). Then, the parameter Vc was 
decreased gradually. This is accompanied by a decrease in the aggregation number 
from the starting value /?o, which coincides with the starting number of chains ric and 
solvent molecules rig in the micelle, to a certain value p. This effect is due to the de- 
tachment of some of the molecules from the core. If after the detachment of this por- 
tion of molecules the value p remained constant for 3x10^ time steps, then we con- 
sidered this value /? as a new total aggregation number corresponding to the stable 
state of a micelle at given For each value of we repeated calculations for 3^5 
times and took averages over the results of these independent calculations. As a re- 
sult, we obtained the dependence of p on rc for different values of rig. Most of the 
results were obtained for the micelle with ric = 64 as the initial state, containing wa- 
ter-like and methanol-like molecules (below, they will be denoted by letters " W” and 
"M", respectively). 

Figure 2 shows the results of these simulations in the form of the - rig state 
diagram, where the region above the curve corresponds to stable (micellar) state. 

As seen, the general tendency is that the critical value of Vc increases with in- 
creasing the solvent content, rig, and approaches some limiting value for both sol- 
vents at large rig. In the case of methanol-containing aggregates, the limiting value of 
Vc is larger as compared to bicomponent aggregates with incorporated water-like 
particles. For the latter system, demonstrates nonmonotonous behavior in the re- 
gion of relatively small rig. Taking into account these observations, in all the subse- 
quent calculations we put = 2.8. 
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Figure 2. The state diagrams for the water-containing and methanol-containing systems, 
at Rci - «c == 64, and T = \, The regions above the curve correspond to stable (micellar) 
state. 

Let us now consider the temperature stability of the mixed aggregates. The gen- 
eral strategy in this series of simulations was analogous to that described above. At 
the equilibrated stage of the simulation, aggregates containing a given number of 
solvent molecules were typically aged for / = 4x10^ time steps at T = 1. Temperature 
was then gradually decreased starting from T = 4. If at a given T a decrease in the 
total aggregation number was observed, temperature was reduced by a small incre- 
ment AT = 0.1 until the initial aggregation number remained constant for 2x10^ time 
steps. Evidently, this computational scheme does not provide strict thermodynamic 
information on aggregate stability. This information is given by the corresponding 
phase diagram, which can be determined from the behavior of the free energy <Fas a 
function of T and To a large extent our criterion for aggregate stability has a ki- 
netic meaning [ 8 ]. Nevertheless, we can treat our data as a suitable starting point. 

We present the results on temperature stability of mixed aggregates as the T-ris 
state diagram in Fig. 3. 

In this figure, the curves separate stable and unstable states from each other; the 
region which lies below these curves corresponds to bonded (micellar) states. One 
can conclude that, in the case of methanol-containing aggregates, the critical tem- 
perature always increases with increasing that is, incorporation of these solvent 
particles inside the micellar core decreases the stability of aggregates as compared to 
the system without solvent. On the other hand, for water-containing system we ob- 
serve a more complex behavior: at approximately equimolar solvent/polymer com- 
position, the bicomponent aggregates become more stable compared to the corre- 
sponding dry (solvent-free) aggregates and do not disintegrate for a very long pe- 
riod. This observation is in line with our previous data obtained for simple coarse- 
grained (lattice) models of reverse bicomponent micelles [ 8 ]. As seen from Fig. 3, 
however, when solvent content becomes sufficiently large, the critical temperature 
begins to decrease with One of the most important observations following from 
the simulation is that the water-containing aggregates are always more stable at the 
same number of incorporated solvent molecules than their methanol-containing 
counterparts. We can explain this feature by steric factors, because methanol mole- 
cules are larger than the molecules of water and contain hydrophobic CH 3 groups. In 
addition, stability of the mixed clusters can be characterized by the average number 
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of hydrogen bonds which are formed by the corresponding solvent molecules with 
negatively charged oxygens of the sulfonic acid groups. On the basis of a standard 
geometry criteria of hydrogen bonding, our quantum mechanical calculations predict 
that the oxygens of one SO 3 H group can form about 5 hydrogen bonds for water and 
about 3 hydrogen bonds for methanol in average. 





Figure 3, The T-Ug state diagrams for the water>containing (a) and methanol-containing (b) 
systems, at Rd = rc = 2.8 and ric - 64. The regions above the curves correspond to stable (mi- 
cellar) state. 



3.2 POTENTIAL ENERGY 

Figures 4 and 5 show the time-averaged potential energy per particle^ U/N (the 
total number of particles is given by = Njic + as a function of the total ag- 
gregation number, p = ric rig, and temperature for clusters containing water and 
methanol molecules, at rtc = 64. 
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Figure 4. The time-averaged potential energy per particle U/N (the total number of particles is 
given by = Njic + as a function of the total aggregation number, p-ric-^ rig, at ric = 64 
and r = 1 . 

One can see that, at fixed temperature, the value of U/N decreases in both cases 
as solvent content increases. Evidently, this is due to the reduction of the role of 
surface effects in the polar aggregate core. For the same solvent content, the poten- 
tial energy of water-containing aggregates is lower than in the case of the aggregates 
with incorporated methanol. This difference is quite visible even for the relatively 
small number of incorporated solvent molecules. Therefore, we can speculate that 
the methanol-containing core is more friable as compared to its water-containing 
counterpart or has some different geometry (indeed, this is the case, as we will see 
below). Since the aggregate stability decreases with temperature increasing, one can 
expect that this will result in an increase in the time-averaged potential energy. Such 
a behavior is clearly seen in Fig. 5 for both systems under discussion. We see that, at 
T = constant, the water-containing aggregates have a lower energy, as compared to 
the system containing methanol. 




T 



Figure 5. The time-averaged potential energy per particle U/N as a function of temperature for 
the water-containing (W) and methanol-containing (M) systems, at = 64 and = 64. 
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3.3 SIZE OF MIXED AGGREGATES 



During the runs, we calculated the squared gyration radius of the polar core 












( 4 ) 



where r, is the position vector of the polar group and Tq = {n^ 
denotes the center-of-mass (COM) vector. The time-averaged value character- 
izes the size of the micellar core. 

Figure 6 shows this value as a function of the total number of polar groups in a 
micellar core, /? = for water-containing and methanol-containing aggregates 

at r = 1 and ric = 64. In the log-log plot, the average sizes of the micellar cores ex- 
hibit linear dependence on p. 

One can expect that the size Rg of a finite aggregate considered as a liquid 
spherical /^-particle droplet without internal cavities must vary as Rg oc The data 
presented in Fig. 6 for the water-containing system show that this expected depend- 
ence is followed rather approximately. Deviations from the expected power law Rg oc 
(or oc p^^^) probably indicate a change in the equilibrium structure of the po- 
lar core as the water content increases. In the case of the methanol-containing sys- 
tem, we observe very strong deviations from the power law R^oc p^^ when the 
value of ns becomes ^ 80, i.e., when the solvation level > 1- An apparent 
exponent found from the log-log plot of Rg vs. p is close to 0.65. Such a strong de- 
pendence of Rg on p indicates that an increase in the cluster size is accompanied by a 
dramatic rearrangement in the cluster shape. This feature will be discussed below. 




Figure 6. The time-averaged value R^ as a function of the total number of polar groups in a 
micellar core, p = for water-containing (W) and methanol-containing (M) aggregates 

at r= 1 and 64. 

Figure 7 shows R^ as a function of temperature, T. It is seen that the solvated 
aggregates swell with T increasing. This behavior is more pronounced in the case of 
the methanol-containing system when a rapid growth of R^ begins at T ^ 1 . 
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Figure 7. as a function of temperature, T, at ric = 64 and ris = 64. 

3.4 MICELLAR-CORE SHAPE 

To study the shape of the micellar core, we computed the principal moments of 
the inertia tensor and the squared gyration radius. For each configuration we found 
the symmetrical tensor of inertia T with the components 

T,j = (5y-8^ - - ^o>) = 1.2,3; / ^ IJ * k) 

m=\ 

( 5 ) 

where 8 is the Kronecker delta, (/ = 1,2,3) are the components of the position 
vector Tfn of the chain sulfonate group or the solvent polar group, and xoi (/ = 

1 ,2,3) are the components of the center-of-mass vector Tq. For each micelle configu- 
ration generated, T was diagonalized to yield the moments t\, ^2, and along princi- 
pal axes 1 , 2, and 3 of the core. Then these moments were ordered according to their 
magnitude, so that t\> h- Using we can obtain the corresponding principal 
moments of the squared radius of gyration 

+ = ( 6 ) 

Note that + R 2 + R^ = Tr(T)/[2(«c+«j)]. In the coordinate system with 

the coordinate axes coinciding with principal axes 1, 2, and 3, we can treat the dis- 
tribution function W{t\,t 2 ,h) as a scalar value lying between three planes ( 2 = 0 
(the OAB plane), ( 2 - h = Q (the OAC plane), and ^2+ ^3- = 0 (the OBC plane). Inter- 
sections of these planes with each other give the vectors A, B, and C. The points 
belonging to the vector A (where t\ = t 2 = h) correspond to the bodies with spherical 
symmetry. The points lying on the vector B (^2 = h = t\l2) correspond to two- 
dimensional disklike bodies. The points of the vector C (/i = ( 2 , h ~ 0) correspond to 
one-dimensional rodlike bodies oriented along principal axis 3. The points belong- 
ing to the OBC plane characterize two-dimensional objects with the shape different 
from that of a perfect disk. It is more convenient to use a pair distribution function 
of the ratios k\ = /3//1 and ^2 = hfh {k\ < ^2)- This function is defined in a 
trihedral prism of unit height. The base of the prism is formed by the ABC plane; k\ 
varies in the AC intercept, and the ^2 axis is perpendicular to the unit vector e ori- 
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ented along AC. The point A (where k\ -kj = 1) corresponds to a sphere; the point B 
(where k\ =k 2 =1/2) corresponds to a two-dimensional disk; and the point C (where 
A:i = 0 and ^2 1 ) corresponds to a one-dimensional rod. The region of elongated 

ellipsoids lies near the AC intercept (for which k 2 = 1). Finally, the region of two- 
dimensional bodies, for which k\ + k 2 =^ 1, lies on the BC intercept. Further we will 
discuss the behavior of the function W(kuk 2 ). The dimensionless ratios f\ = 
<R\^>/< >,/2 = <R 2 >!< >, and = <R^>I< R^ > (f\ <^), which are called 

shape factors, were also used to characterize the average shape of the hydrophilic 
micellar core. 

We start from the analysis of shape factors f (/ = 1,2,3). Figure 8 presents the 
values of fi for the aggregates containing different number of water-like and metha- 
nol-like solvent molecules at = 64 and T = 1 . As seen, with an increase in ris the 
shape asymmetry of the water-containing aggregate core decreases (we recall that 
for a spherical object one has f\-f 2 ~fz = 1/3). For ~ constant, with increasing n^ 
the average shape of the core must approach that of a liquid droplet formed by water 
molecules. It turns out, however, that the fi values found for a droplet and a micellar 
core at the same total number of particles in these two objects are slightly different 
when n^ is not too large; the water-containing micellar core has a slightly larger 
asymmetry of the shape, as compared to the water droplet with the same number of 
particles. It is clear that this is due to the difference in interaction energies as well as 
to the influence of hydrophobic chain sections surrounding the hydrophilic micellar 
core. Mutual repulsion of the hydrophobic sections in the outer part of aggregate and 
partial penetration of the hydrophobic units into the core results in some increase of 
the core size and affects the core shape. It should be noted that the average shape 
asymmetry of the aggregate core becomes less noticeable as the interaction radius 
for the core-forming potential Uc increases. At large values of the dependence of 
fi on the total number of hydrophilic groups p in the core becomes very weak. The 
same conclusion has been drawn in Ref [8]. 

The shape factors of the methanol-containing aggregates demonstrate quite dif- 
ferent behavior, as compared to the water-containing counterparts. It is seen from 
Fig. 8 that in this case the values of f change as a function of nonmonotonically 
and show very large fluctuations. Moreover, contrary to the water-containing sys- 
tem, for this system we observe an opposite global tendency with respect to the 
shape asymmetry: the mixed hydrophilic core becomes more asymmetric as the vol- 
ume fraction of methanol molecules in the core increases. We find that the smallest 
component of the squared gyration radius,/, decreases rapidly with ns increasing, 
while the middle component/ remains almost constant (/« 1/3). This means that at 
the values of p studied the increase in the micellar core size is accompanied by rela- 
tive contraction of the minimum (transverse) size of the core; in other words, it be- 
comes more flat. On the other hand, when is not too large, the largest component 
/ increases with indicating the increase in the maximum (longitudinal) micellar 
core size. By contrast, at very small an opposite tendency takes place. All these 
features can be clearly traced by viewing the corresponding pair distribution func- 
tion W{k\Jc 2 ) of the rations of the principal moments of the inertia tensor. 

In Fig. 9 we present the set of the Wikx^k'^ functions calculated for the methanol- 
containing aggregates at different for = 64 and T=\. 

As apparent from the diagram, the most probable shape of the solvent-free core 
corresponds to a slightly elongated ellipsoid of revolution. Indeed, the domain of 
definition of the W{k\,k 2 ) function is localized near the AC intercept, where k 2 =\, 
and shifted to the point A corresponding to spherical bodies. 
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Figure 8. Shape factors / (/ = 1,2,3) for the aggregates containing the different number of 
water-like (W) and methanol-like (M) solvent molecules at = 64 and T= \. 




Figure 9. The W{k\yk 2 ) functions calculated for the methanol-containing aggregates at differ- 
ent ris (shown near the corresponding peaks) for a?c= 64 and 7= 1 . 

With increasing ris the W{kuki) peak shifts along the AC intercept to the point A. 
This means that the micellar-core shape approaches a spherical one as a result of 
contraction of the longest axis of the equivalent ellipsoid. Nevertheless, objects with 
axis ratios k\ = 1 and ki = 1 occur extremely rarely, as do bodies with perfectly 
symmetrical shapes, i.e., spheres. As the value of rig further increases, one first ob- 
serves an elongation of the core along longitudinal axis (at 32) and then the core 
begins to flatten out (at the solvation level rijn^ > 1), demonstrating large shape 
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fluctuations resulting in a larger domain of definition of When the solvent 

content becomes sufficiently high {njric > 3), the core shape becomes disklike. All 
these shape evolutions are in sharp contrast to those observed for the water- 
containing aggregates. 

Figure 10 illustrates the temperature dependence of shape factors for both sys- 
tems under discussion. For the water-containing system, it is seen that the values of 
fi remain almost constant right until the micelle crash. On the other hand, in the case 
of the methanol-containing aggregates one can observe a sharp change in the aggre- 
gate's shape in the T > \ range. The behavior of the shape factors shows that the 
core formed by relatively small number of sulfonate groups {pc = 64) becomes more 
asymmetrical in this temperature range, showing a rodlike geometry. 




Figure 10. The temperature dependence of shape factors fi (i = 1,2,3) for the aggregates con- 
taining tJs = 64 water-like (W) and methanol-like (M) solvent molecules, at = 64. 

3.5 MICELLAR-CORE SURFACE 

In order to calculate the time-averaged area of the micellar-core surface, S, we 
constructed three-dimensional Connolly surfaces for the subsystem of hydrophilic 
particles. A Connolly surface [3 1 ] is the locus of points formed by the intersection of 
the van der Waals surface of a given ensemble of particles with a spherical probe 
particle of radius which is rolled over the particles belonging to the system under 
consideration. In this way, the molecular surface distribution (of radius = atom 
radius + probe radius) and the corresponding surface area S can be obtained with the 
probe radius as a parameter. We performed the triangulation of the surface and sub- 
sequent calculation of the surface area with Vp = 1 and the point density which was 
equal to 20. The value of S is measured in units of a^. 

Figure 1 1 shows the log-log plot of 5* vs. /? = for the systems containing 

water and methanol, at ric ~ 64 and T = 1 . 

As can be seen, these dependencies are quite different for both systems. In the 
first case, the value of 5* as a function of p gives a straight line for all /?'s considered. 
On the other hand, for the methanol-containing aggregates we observe a change in 
the dependence in the nJric « 1 region. It is clear that in the case of a compact hy- 
drophilic cluster the cluster volume V must be proportional to p (it should be 
stressed that, for the superstrong segregation regime discussed in the present study, 
the penetration of hydrophobic (CH3, CF2, etc.) groups into the hydrophilic core can 
be ignored). For a solid spherical object, therefore, the surface area must be propor- 
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tional to Approximately such a behavior is observed for the water-containing 
aggregates, showing a nearly spherical geometry of their shape and high compact- 
ness. In the case of the methanol-containing clusters, however, similar behavior is 
observed only for low solvent content; at sufficiently high solvation level, the best 
fit to the calculated data points yields S<^p. This can indicate that the cluster surface 
is very crumble. On the other hand, such a dependence is characteristic for the ob- 
jects with cylinder-like and toroidal-shaped geometries. We postpone a more de- 
tailed discussion of these results. Here, it suffices to say that the dependence S ^ p 
begins to be visible after strong structural rearrangements take place. 




Figure 11. The log-log plot of 5 vs. /? = for the systems containing water (W) and 

methanol (M), at 64 and T-\. 

Figure 12 shows the value of 5 as a function of temperature for the aggregates 
having ric = 64 sulfonate chain fragments. We see that the temperature variation of S 
observed for the methanol-containing aggregate with = 64 is more pronounced as 
compared to the water-containing system at the same solvent content. 




Figure 12. The value of 5 as a function of temperature for the aggregates having ric = 64 sul- 
fonate chain fragments and = 64 water (W) or methanol (M) solvent molecules. 
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3.6 DISTRIBUTION OF PARTICLES INSIDE SOLVATED AGGREGATES 

Figures 13 and 14 present the normalized radial distribution functions fVa(r) for 
each component of the solvated aggregates (the index a corresponds to hydrophobic 
units (c), terminal hydrophilic chain groups (0, or solvent hydrophilic groups ( 5 )). 
The center of mass of the micellar core is taken as the origin. 




r 



r 



Figure 13. The normalized radial distribution functions fVa(r) for each component of the sol- 
vated aggregates containing water-like (a) and methanol-like (b) molecules, at == 64, = 

96, and T= 1. The index a corresponds to hydrophobic units (c), terminal hydrophilic chain 
groups (0, or solvent hydrophilic groups { 5 ). 
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Figure 14. The normalized solvent radial distribution functions W^ir) for the solvated aggre- 
gates containing water-like (a) and methanol-like (b) molecules for ric = 64 and f = 1 , at dif- 
ferent = 64, 96, and 256. 

For the aggregates having incorporated water there is a quite well-defined inter- 
face between the micellar core and the hydrophobic chains forming the outer corona. 
The interpenetration of these species into the core is negligible. This is a characteris- 
tic feature of the strong and superstrong segregation regimes [27,32]. Next, we can 
see an inner (central) region filled with absorbed water molecules. This region is 
surrounded by an outer layer which contains mainly polar sulfonate groups. Thus, 
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for a water-containing aggregate there are quite distinct interfaces between the com- 
ponents. This result is consistent with the recent theoretical predictions for the su- 
perstrong segregation regime [12,32,33]. As the size of the inner part of the bicom- 
ponent core increases, the relative thickness of the outer layer decreases. In the case 
of large excess of water molecules over hydrophilic chain groups, both components 
are mixed in the outer layer of the core. 

For the methanol-containing system we observe a quite different behavior. In 
this case, the internal structure of the sufficiently large bicomponent aggregates 
looks more homogeneous. In particular, as seen from Fig. 13, the distribution of 
hydrophobic groups inside the aggregate with ris = 96 is almost homogeneous. How- 
ever, near the center of the aggregates, one observes a well-pronounced dip in the 
hydrophilic-group density distribution (see Figs. 13 and 14). This dip arises at the 
solvation level njric > 1 and is absent for lower solvent content (see Fig. 14). Thus, 
one can conclude that the sufficiently large methanol-containing multiplets have an 
inner cavity which is filled with hydrophobic groups. At the same time, the hydro- 
philic groups are pushed out toward the outer region of the aggregates. Such a den- 
sity distribution may correspond to curved - toroidal or vesicular - geometries. 

3.7 SCATTERING FUNCTIONS 

The SAXS and SANS spectra of solvated perfluorinated ionomer membranes 
[34-40] demonstrate the existence of a small-angle scattering maximum, called 
"ionomer peak". This peak can be described as an oscillation of the form-factor 
which has interparticle origin and is associated with the internal structure of the 
ionic clusters considered as noninteracting particles with a specific spatial distribu- 
tion. 

Scattering experiments allow measurements of the scattered intensity from mo- 
lecular systems over a wide range of wave numbers q. Experimentally 

I{q)im = Nw{q)S{q) (7) 

where I{q) and 7(0) denote the scattered intensity at q and g = 0, respectively, 
and N is the total number of scattering centers in a system. The function w{q) is the 
particle scattering factor ("form-factor") which characterizes scattering from indi- 
vidual particles and S{q) is a collective static structure factor associated with the 
presence of intermolecular correlations. In this subsection, the discussion is confined 
to the intramicellar form-factor w{q). Note that this function is very sensitive to the 
equilibrium structure of complex systems and is related by Fourier transform to ap- 
propriate pair distribution function of distances between scattering centers, w(r). For 
a system of Appoint scatterers, one has 

a,p 

where i= and Tap is the vector connecting scattering centers a and P belong- 
ing to the system considered. On averaging over all space orientations Eq. (8) re- 
duces to 

= ( 9 ) 

a.p 

where Wap(^) = sin(^rap)/(^rap) is the corresponding site-site contribution to the 
total scattering function and (•) means an ensemble average. At low q, in the so- 
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called Guinier regime (qRg« 1), Eq. (9) further simplifies to Nw{q) = ^~q^R\ /3. It 
is well-known, however, that this last expression does not adequately represent the 
form of w{q) at high and intermediate q (when qRg> 1). 

In general, calculations of w{q) require the numerical evaluation of w{q) through 
Eq. (9) for the large number of system configurations. It is a very time-consuming 
stage of simulation, because the direct calculation of w{q) needs intersite dis- 
tances for each configuration, the use of sufficiently fine grid for q, and averag- 
ing over the large number of configurations of the system. Taking into account these 
circumstances, to find w{q) we used the very efficient procedure based on the fast 
Fourier transformation (FFT) technique (see Appendix B). In this subsection we 
assume that scattering centers are located on all hydrophilic groups. 

Figure 15 shows some example of the calculations. Calculated values of w{q) 
can conveniently be presented with the so-called Kratky plot of c^w{q) vs. q. Note 
that we are interested only in distances larger than the UA size, ovq < 7i/a. 

Shown in Fig. 15 are the w{q) functions obtained for the following three sys- 
tems: (1) the water-containing aggregate with ric = 64 and 96, (ii) the methanol- 
containing aggregate with the same values of ric and and (iii) a liquid droplet con- 
sisting of 64 sulfonate groups and 96 water-like particles. First of all, we observe 
that the internal structures of the core of the water-containing cluster and the corre- 
sponding equivalent droplet are practically identical for any wave numbers. This fact 
indicates that the effect of hydrophobic chain sections on the internal arrangement of 
hydrated ionic aggregates is very weak in the superstrong segregation regime. This 
feature has been mentioned above. On the other hand, there are noticeable differ- 
ences between these functions and those calculated for the micellar core with incor- 
porated methanol molecules. For the latter system, one can observe the presence of 
two characteristic peaks in the small-^ region. 




Figure 15. The w(q) functions obtained for the water-containing aggregate (W) with ric = 64 
and Us = 96, the methanol- containing aggregate (M) with the same values of and and a 
liquid droplet consisting of 64 sulfonate groups and 96 water-like particles at T = 1 . 

3.8 VISUAL ANALYSIS 

In this subsection, we will discuss the general morphological features of the sol- 
vated aggregates. Computer simulations provide a significant advantage in these 
studies, including geometrical information about the three-dimensional organization 
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of the self-assembling ionic copolymers, as well as the morphology of the system. 
Furthermore, the graphical output from the simulation allows a direct visualization 
of these complex structures. In this way, we performed a visual analysis of molecu- 
lar images obtained in the simulation. 

Below, the following atomic color scheme is used: sulfonate groups are depicted 
in light tone, solvent hydroxyl group in dark tone, and hydrophobic groups (includ- 
ing carbon or fluorine) in light-gray tone. For hydrophilic micellar cores, we con- 
structed the Connolly surfaces which provide a more direct way of visualizing of the 
system organization; they are shown in medium gray tone or depicted using a color 
scheme that is related to the proximity of the surface to the corresponding atomic 
group. 

Shown in Figs. 16 and 17 are examples of the snapshots obtained for the systems 
with the different number of water and methanol molecules, at 64 and 1 . 
As seen from Fig. 16, the water-containing multiplets swell with increasing and 
maintain nearly spherical shape for any ris. At the same time, in the case of the 
methanol-containing aggregates, we distinctly see the formation of toroidal-shaped 
structures at the solvation level njnc ^ 1 (Fig. 17). 




Figure 16. Typical snapshots obtained for the water-containing aggregates with the different 
number of solvent molecules, (as shown near the corresponding pictures), at ric = 64 and 
r=i. 

In Fig. 18 we present the Connolly surfaces obtained for the micellar cores with 
He = 64 and Hs = 96 using a small particle probe radius of 0.4; the remaining hydro- 
phobic groups are hidden for clarity. Figure 19 shows the Connolly surface of the 
large methanol-containing cluster with nc = 64 and fts= 256; here, the methanol CH 3 
groups are presented, but the hydrophobic groups of sulfonate fragments are hidden. 

As seen, the cluster surface of the water-containing core is rather smooth while 
the toroidal-shaped methanol-containing clusters are characterized by a high degree 
of surface irregularities and look as very crumble. 

From the direct visualization and also from the analysis of the density radial dis- 
tribution functions (see Figs. 13 and 14) we can conclude that the hole in the metha- 
nol-containing toroidal-shaped aggregates is partly filled with the hydrophobic sol- 



418 



vent CH 3 groups while the hydrophobic chains belonging to the sulfonate fragments 
are directed to the micelle exterior. Such a spatial organization provides a more uni- 
form compact packing of the hydrophobic groups. It should be noted that the lo- 
cally-cylindrical toroidal structure is more favorable as compared to alternative bi- 
layer-shaped (disklike) microstructures where strong interchain repulsion takes 
place, resulting in short-ranged orientational correlations and chain stretching (see, 
e.g.. Ref [27]). 





Figure 1 7. Typical snapshots obtained for the methanol-containing aggregates with the differ- 
ent number of solvent molecules, ris (as shown near the corresponding pictures), at “64 and 



r= 1. 




Figure 18. The Connolly surfaces obtained for the water-containing (upper panel) and metha- 
nol-containing (lower panel) micellar cores with ric = 64 and = 96 using a small particle 
probe radius of 0.4; the remaining hydrophobic groups are hidden for clarity. 



Figure 19. The Connolly surface of the methanol-containing cluster with ric = 64 and ris = 256. 
In this picture, methanol CH 3 groups are presented, but the hydrophobic groups of sulfonate 
fragments are hidden. 



3.9 EVOLUTION OF TOROIDAL-SHAPED STRUCTURES 

In this subsection, we present some additional data concerning the behavior of 
the methanol-containing aggregates forming toroidal structures. In particular, we are 



interesting in the surface area to volume ratio for such systems. 

The volume, F, and surface area, 5, of the torus are given by 

V=lTi^Rr^ ( 10 ) 

S = ^%^Rr (11) 

where the values of R and r are defined in Fig. 20. 

Hence, the radii R and r as functions of V and S are given by the following rela- 
tionship 

R = ^l%-n^V (12) 

r=V!S (13) 

Let us suppose that, for the model system under consideration, the volume of a 
micellar core is proportional to the total number of particles, p = ric^ ris, forming the 
core. Next, let us define the following two functions of p 

(14) 

W)=PIS (15) 



As seen from Eqs. (12) and (13), x (j),(p) and r x These functions calcu- 
lated for the methanol-containing aggregates are shown in Fig. 21 (the values of S 
were calculated via the Connolly surfaces with rp = 1 as it has been described 
above). We find that « constant and (|)i(p) « at 10^. From these results 
one can conclude that an increase in the micellar-core volume is accompanied by an 
increase in the large torus radius R, whereas the small torus radius r remains almost 
constant. 
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Figure 20. Parameters of torus. 




p=n +n 

c s 



Figure 21. The and <|)i(p) functions for the methanol -containing aggregates, at ric = 64 
and r = 1 . 

3.10 DEPENDENCE ON THE ALCOHOL-CHAIN LENGTH 

In addition to the methanol-containing system discussed above, we investigated 
mixed aggregates containing alcohols H(CH 2 )nOH with longer hydrocarbon chain, 
up to « = 7. 

The results of the calculation illustrating the temperature stability of these bi- 
component aggregates are shown in Fig. 22 in the form of the T~Ns state diagram 
where Ns = and nc=ris = 64. It is seen that the micelle stability decreases 

as the solvent chain length increases. This is due to steric factors which are a result 
of repulsion between hydrocarbon chains of the alcohols. 

Figure 23(a) shows the time-averaged squared gyration radius of the sol- 
vent-containing core as a function of at 7= 1 and rtc = ns = 64. One can observe 
an increase in with Ns increasing. It turns out that this is accompanied by the 
elongation of the aggregates; for sufficiently large Ns, we observe a polymorphic 
transition in these aggregates from near-spherical toward cylindrical microstructures. 
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Such a behavior is clearly seen in Fig. 23(b), where the corresponding shape factors 
are presented. 





Figure 22. The T-N^ state diagram at w, = 64. 





Figure 23. The time-averaged squared gyration radius (a) and shape factors f (b) of the 
solvent-containing micellar core as functions of Ns, at T = 1 and rtc=ns = 64. 

4. CONCLUDING REMARKS 

Polymorphic changes in solvent-containing ionomer systems, including water- 
swollen and alcohol-swollen Nafion® membranes, are supposed to cause the tran- 
sient formation of solvated complexes, pores, or channels involved in many aspects 
of spatial organization and function (e.g., transport properties) of these systems. The 
structural origins of these transitions are poorly understood at the molecular level. 
This lack of detail primarily reflects the complex (dynamic) character of solvent- 
containing aggregates, which limit X-ray or neutron scattering experiments to the 
determination of time-averaged and spatial-averaged molecular features. Here we 
have described molecular dynamics computer simulations that provide an alternative 
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approach for studying the detailed behavior of self-assembling ionomers. Our atten- 
tion here has been focused on the effect of different solvent additives on the equilib- 
rium structure of micellar aggregates. Taking into account the practical importance 
of methanol membrane fuel cells, methanol-containing systems have been the sub- 
ject of our primary interest. Also, we have investigated mixed aggregates containing 
alcohols H(CH 2 )nOH with longer hydrocarbon chain, up to « = 7. In the case of the 
bicomponent solvent-containing aggregates we have suggested how events occur- 
ring at the molecular level produce polymorphic transitions in these mixed aggre- 
gates from spherical structures toward cylindrical and rather exotic toroidal micelle 
structures, stabilized by a more uniform compact packing of the hydrophobic groups 
in the micelle exterior. These transitions predicted in the present study illustrate how 
intermolecular forces such as solvation as well as solvent chain length can affect 
overall aggregate structure and result in polymorphism. 
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APPENDIX A. CONSTANT KINETIC TEMPERATURE DYNAMICS 

In the framework of constant kinetic temperature dynamics, the equations of mo- 
tion are 



r = p/m 


(Al) 


p=f-ap 


(A2) 


where f, p, and r are forces, momenta, and particle positions, respectively, and a 
is a Lagrange velocity multiplier which varies so as to constrain temperature to the 
desired value. Following the Gaussian principle of least constraint, the multiplier a 
should minimize the difference between the constrained and Newtonian trajectories 
[29]. The implementation of Eqs. (Al) and (A2) in the Verlet central-difference 
leapfrog algorithm form with the Gaussian isokinetic (GI) constant temperature 
scheme can be realized in the following way 


f\t) = T(( - !2) + ^h.t /2m 


(A3) 


f(/) = r'(/)/(l + cxA//2) 
where a is given by 


(A4) 


N 

E^'W-P/(o-P 

^ N 

/=1 


(A5) 
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and p is defined by the time derivative of the kinetic energy K\ P can be written 
as 

• A 

K = ^pp/m. = ^ (A6) 

/=1 

During production runs p = 0, but prior to this, it is adjusted several times to 
provide the desired temperature [30]. To this end, Eqs. (A3)-(A6) are iterated sev- 
eral times to establish a self-consistent value for a(t). Having established a(t) then 
one can find the velocities 

f (/ + A/ / 2) = f (/ - A/ / 2) + ^ 

where 

^ otA/ ^ aA//2 

C =\ • =\ 

1 + OA//2 1 + OA//2 

Having + A//2) we obtain the particle positions 

r(/ + A/) = r(/) + f (/ + A/ / 2) A/ (A9) 



(A7) 

(A8) 



APPENDIX B. CALCULATION OF FORM-FACTOR USING FFT 

Let US group the rap values corresponding to any given system configuration into 
histogram h with elements hi (/ = 1,2,...,L) equal to the number of distances within 
the range [/Ar, (/+l)Ar], where Ar is the step size. Then, we have w(r,) = 
2/i//[47cA^Ar(/Ar)^], where w(r,) is the value of the step-wise density distribution func- 
tion w(r) at the distance r, = /Ar. Thus, we have 



2 

«^(^ .) = ! + — V h: 



sin[7i^’/L] 

(ntj/L) 






(Bl) 



where wiqj) is the corresponding value of the discretized function of w(q) at qj = 
jAq {Aq = nlArL), To perform the FFT, w(r,) — — w(^y), one should: (i) multiply 
all values w(r,) by /Ar; (ii) set w(ri) = 0; (iii) transform the obtained array w'(r/): 
w\r) (iv) convert w\qj) to v^qj): wiqj) = 1 + w\qj)/(JAq). 
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I. Introduction 

Computer simulation methods such as Monte Carlo (MC) and molecular dy- 
namics (MD) have proven to be a powerful tool to study liquid crystals, de- 
spite the computational problems due to the wide range of length and time 
scales that characterizes their dynamics. The latter feature, combined with the 
complex nature of typical liquid crystal forming molecules, has suggested to 
adopt rather simplified descriptions of the intermolecular interactions. After 
the Lebwohl-Lasher lattice model [1], where even translational freedom was 
missing, anisotropic interaction models have been considered, either with hard 
[2] or continuous potential functions, the most widely employed being the 
Gay-Beme model [3, 4, 5]. In all these cases, molecules are considered single- 
site interaction centers and no molecular flexibility is taken into account. De- 
spite their simplicity, these models have proven valuable to study both the gen- 
eral structure-property relationships and the basic features responsible of the 
liquid crystal behavior. However, their simplicity becomes a drawback when 
the interest focuses on a specific liquid crystal, with a well defined molecular 
composition. 

Actually, along with the impressive increase of computational capabilities, 
there has been a growing interest, in the last ten years or so [6]-[l 1], in com- 
puter simulations of liquid crystals with models of higher, physical, realism. 
Thus, the problem becomes the construction of potential functions able to ac- 
curately describe the interactions between large molecules. This is a particu- 
larly hard task as the complex phase behavior of mesogenic materials is the 
result of a delicate balance between subtle energetic (including electrostatic, 
dispersion, induction and excluded volume interactions) and entropic effects 
of positional, orientational and conformational nature [11]. In fact, seemingly 
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modest changes of chemical structure can lead to significantly different po- 
sitional and orientational organization in a given phase and hence to largely 
different macroscopic properties. This means that it is not possible to separate 
weak attractive interactions from excluded volume repulsive forces, as effec- 
tively as in the perturbation theory approach to high density simple liquids, if 
the model is to keep chemical specificity. 

Traditionally, there have been two main routes towards ’realistic’ poten- 
tials for computer simulations. The first, the empirical route, relies on a variety 
of experimental data to fix the parameters of a chosen potential function. The 
second route samples the potential energy surface (PES) of the dimers with 
ab initio calculations to collect a sufficiently large number of configurations 
with their interaction energy values. The latter is the database to be matched 
adjusting the parameters of the model. A fairly straightforward application of 
this approach is currently feasible for most small-to-medium size molecules at 
a rather high level of quantum chemical sophistication, but so far, out of ques- 
tion for large, complex systems as potentially mesogenic molecules. A sort of 
intermediate way also exists to build potentials, successfully pursued by var- 
ious groups, leading to a number of widely used force fields, (see [11] for a 
discussion and references). In this case, an initial set of parameters derived 
from ab initio calculations is modified until the simulation results reproduce 
their experimental counterpart for a few properties, e.g. density and internal 
energy. It turns out that the best results from the latter approach are obtained 
if the potentials are tailored on a specific class of molecules, showing that 
transferability of parameters for atom-atom interactions is far from perfect. In 
addition, the above mentioned force fields do not provide data for all classes 
of materials of interest. As a consequence, it seems that it may be necessary 
to develop accurate potentials designed for the specific application at hand. 
Quantum chemical approaches look as the most sensible choice, especially 
when experimental data are not available and/or one wishes to set up a proce- 
dure with predictive capabilities. In principle, the Car-Parrinello method [12] 
has the potentiality of solving the problem. However, its actual implementation 
based on local fiinctionals appears problematic for systems where dispersion 
forces are dominant. Moreover, its application to simulation of long-time dy- 
namics of large and complex molecular systems remains a future objective. 
The same reasons rule out a straightforward application of ab initio calcula- 
tions to mesogenic molecules (route two to potentials). 

To circumvent the problem, we have recently proposed an approach [13] 
whereby interaction potentials for mesogenic molecules can be constructed 
from ab initio calculations. The basic idea behind this approach is that a very 
large number of potentially mesogenic molecules can be thought as composed 
of a rather small number of moieties, e.g. phenyl rings and hydrocarbon chains. 
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The smaller size (and possible higher symmetry) of the latter fragments makes 
them amenable to accurate ab initio calculations at a reasonable computational 
cost. From the PES between these ’building blocks’ that of the whole dimer 
can be obtained through a suitable recombination procedure. Among the pro’s 
of this method is that the fragments we consider are still fairly large which 
might reduce problems of transferability. In addition, the PES we obtain can 
be used to best fit models of different complexity and ’realism’. The single 
PES underlying the models makes the comparison of the results they produce 
in simulations a consistent test of their capabilities. This is of particular interest 
as intermediate level or ’hybrid’ models are still a sensible choice to overcome 
the computational problems due to the long times required for equilibrating 
mesophases with ’large’ systems of particles (see [14] for a thorough discus- 
sion of these issues). Moreover, the comparison of results from different levels 
of modeling can also help to shed light on the physical origin of the observed 
behavior. 

As a test case for our approach we have chosen the series of p-phenyls, with 
a number of rings from two to five. These systems offer unique advantages 
from our point of view, as their structure is very simple, with just one type of 
fragment (the phenyl ring) and basically a single internal degree of freedom, 
the torsional inter ring angle. Yet the higher members of the series are able to 
form mesophases, such as a nematic phase for the p-quinquephenyl and even 
a smectic phase for the six ring member. Our main goal is to study the phase 
diagram of these systems, and in particular to assess the level of modeling 
required to observe the nematic phase of p-quinquephenyl. 

In this Chapter we describe how to decompose a molecule into fragments 
and how the PES of the dimer can be recombined from that of the fragment 
pairs (Section 2). The model potentials adopted are also discussed in Section 
2, together with some computational details of the MC simulations carried out. 
The results we obtain are presented in Section 3, while Section 4 collects the 
main conclusions and suggestions for future developments. 

2. Theory 

2.1. THE FRAGMENTATION APPROACH 

Our approach relies on the assxunption that the interaction energy of a dimer 
can be approximated to a good accuracy as a sum of energy contributions be- 
tween each pair of fragments into which the molecule can be decomposed. The 
basic criterion behind the fragmentation scheme, is that the ground state elec- 
tronic density around the atoms of each fragment has to be as close as possible 
to that around of the same atoms in the whole molecule. 

Therefore, if we consider a molecule AB as composed of two fragments A 
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and B linked by a single bond, we can symbolically write 

A-B = AHa+HbB-Ha-Hb ( 1 ) 

where the "operators” +/- are used to imderline the disappearance of the H 
"intruder” atoms in going from the fragments to the whole molecule. One can 
write the interaction between the molecule AB and a generic molecule X as 

E{A-B E{[AHa +HbB -Ha~Hb]-- -X) = 

= E{AHa ■ ■ -X) +E{HbB ■■■X)-E{Ha-- -X) - E{Hb ■ ■ -X) (2) 

If a fragmentation scheme is also applied to the X molecule, the interaction 
energy between the AB and X molecules can be reconstructed in terms of in- 
teraction contributions between all possible pairs of fragments in which each 
molecule has been decomposed. 

Once the decomposition has been applied, the interaction energy between 
each couple of fragments can be calculated by quantum mechanical meth- 
ods. Since the electronic correlation is an essential feature of the interaction 
between Van der Waals complexes, beyond Hartee-Fock methods have to be 
considered. In this work we have used the Moller-Plesset second order pertur- 
bation theory (MP2) in the supermolecule approach with polarized basis sets. 
Although the validity of this method in the calculation of the interaction en- 
ergy of aromatic molecules is still matter of discussion [15, 16], results for the 
benzene-benzene interaction [13] are in good agreement with more computa- 
tionally expensive methods [16]. Thus, in view of the large number of con- 
figurations to be considered, our MP2 calculations, with a carefully calibrated 
6-3 IG* basis-set seems to date a good compromise between computational 
cost and accuracy. 

All the calculations were carried out with the GAUSSIAN98 package [17]. 
The counterpoise correction scheme was applied in all calculations to take 
care of the basis set superposition error. More details of the fragmentation- 
reconstruction method can be found in Ref [13]. 



2.2. THE MODEL POTENTIAL FUNCTIONS 

Once the PES of the dimer under study has been reconstructed as a sum of ab 
initio fragment-fragment interactions, it can be fitted with a model potential 
function, suitable for computer simulations. This is done through a non linear 
least squares fitting procedure, i.e. looking for the set of parameters P that 
minimizes the functional. 




( 3 ) 
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nGI3+Q model 




Figure 1. Models adopted for the /7-oligophenyls: schematic representation of the models for 
/7-terphenyl. 



where Ngeom is the number of dimer geometries considered and w/ is the ap- 
plied weighting function. E and U are, respectively, the reconstructed inter- 
action energy and the fitting function values for the dimer geometries. Each 
geometry is defined by the center of mass coordinates XiJi and Z/ and the 
three Eulerian angles ai,p/,y/. 

Studying p-oligophenyls as a test case, we used three different levels of 
modeling for the series: a single site Gay-Beme (GB) model, an ’hybrid’ model 
(nGB+Q) in which each phenyl ring is represented by a GB oblate ellipsoid 
plus a quadrupole moment (Q), and a full atomic (FA) representation. All these 
models are sketched in Fig. 1 for /7-terphenyl. 

2.2.1. GB model 

The first model employed is a modified form of the anisotropic single-site Gay- 
Beme potential [3], i.e, 

y,Z, a, P) = 4eoe, (4) 



r/y -a(M/,My,ry) + ap^y \rij - G{ui,uj,rij) + Oo^ 

where u, and uj are the unit vectors defining the orientation of sites i and j re- 
spectively, and Vij is the unit vector of the distance between the two interacting 
GB sites. The anisotropy of the interactions is contained in the expressions for 
£i (w/iMy). ^ 2 {ui,Uj,rij) and a{ui,Uj,rij) which are: 








( 5 ) 
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e-2{ui,Uj,rij) = ^ “ y 



' injuj + rijujf 
l+X'{uiUj) 



{rijUj-rjjUjY ' 



( 6 ) 



<^{uhUj,rij) = ^o[ 1 - 



{rijUj-rijUjf 

L l+x(»<«y) l-5C(«.«y) J 



where the parameters % and x' are defined as 

X 



(yl+ol 



and 



(7) 



( 8 ) 



x' = 



^ss ^ee 



(9) 



In these equations e^e and Gee are the well depth and the zero-energy distance 
for a configuration where the GB axes and the interparticle vector r/j are all 
parallel; the ss under-scripts refer to the configurations in which nj is orthog- 
onal to the axis of both the GB sites. 

It is also customary to define the quantities: 



and 




( 10 ) 




( 11 ) 



to describe the shape and well depth anisotropy, respectively. Finally, added 
to the standard GB potential form, the parameter ^ provides the possibility of 
adjusting the width of the potential well. In summary the GB model potential 
is completely defined by the set of parameters P, 



P (12) 

which have to be optimized by the fitting procedure. 

Attention must be paid to the fact that, due to its rotational symmetry 
about its directional axis, the GB model function does not depend on the Eu- 
lerian angle y (Eq. 4). The y-dependence of the PES must be averaged out in 
some way passing from the biaxial function £'(A",7,Z,a,p,y) to the uniaxial 
a, p). Details on the averaging procedure can be found in a previ- 
ous publication [18]. 




433 



2.2.2. nGB+Q model 

Increasing the level of description, we employed as fitting function the nGB+Q 
model potential, where n stands for the number of aromatic rings. In this 
model, each phenyl ring is represented by a Gay-Beme disc (Fig. 1) plus a lin- 
ear quadrupole along the orientational axis of the site. It is worth mentioning 
that the parametrization conforms to the molecular symmetry i.e. equivalent 
rings are represented by identical GB+Q potential terms. Since no cross term is 
taken into account, the nGB+Q potential results in a sum of two terms, namely 
a generalized Gay-Beme interaction [19] between non equivalent GB 
sites and a quadmpole-quadmpole contribution [20] whose asymptotic 
expression is 

- 5(«,r,y)' - S{ujnjf - (13) 

where the unit vectors were already defined for the GB interaction energy and 
2’s are the quadrupole values of the interacting sites. 

For we adopt the form proposed by Cleaver et al. [19]. For two 
interacting molecules A and B, defined by the parameter arrays 





(14) 


and 




P/j = 


(15) 


respectively, the generalized GB interaction is written as 




<^ab^b Y 

( <B%AB yi 

\rAB-(yAB{uA,UB,rAB)+C^B^Bj . 


(16) 


where 




<^AB{UA,tiB,hB) = <5%X 


(17) 



, „ {<^ABi^yiBUA)^ + (^ABi^ABUB)^-2XAB{rABUA)irABUB)] ^ 



X 
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4'i , iis) = [1 - ^ 

and 

^ABi^A,UB,rAB) ^ 



(18) 

(19) 



r {(^Ab(^ABUa)^ + Ct'A^jrABUBf ~ 2X^g(r^g«^)(/^^gMg) ' 
i-X%(uAUB? 

In their work Cleaver et al. [19] suggest a combination rule to calculate %ab and 
aAB (namely as they appear in the above equations) from the set of parameters 
Pa, Pb characterizing each GB site: 



XabcLab = 



(0^^)2 + (0f)2 



( 20 ) 



XabO-^b = 



(af)2 + (of)2 



( 21 ) 



,2 _ l(<^Af - (<^0^][(qf )^ - {Ob)^] 
[(<jf)' + (0^0211(0^^)2 + (of ) 2 ] 



( 22 ) 



No other mixing rule was found in the literature to calculate the interaction pa- 
rameters from the arrays and Pg. Following the Lorentz-Berthelot approach 
for the standard Lennard-Jones mixing rules we have used 



— ; o®a — -(a° -I-CT 5 ) ; (23) 

The fi and v exponents and the parameter ^ were combined as 

t^AB = ]^{;iA+tlB) ; V^fl = i(v^-t-Vfi) ; ^B = (^^s)5 (24) 

Mixing rules for the remaining parameters were obtained by comparing the 
standard GB expressions for with the expression found in literature [19] for 
%a^, yar^ and y^, respectively. 



x!ab^% ^ 



(ef )^ + (e|e)i 



(25) 
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( 8 ^ 0 ^ + 



(26) 



V2 [(e")"^ - (e?)"^ HCeB)"'" - (4")"® ] P7X 

X/15 — T T T T" 

[(8f)"i> +(8^")''^][(ef)''^ +(ef)"fi] 

It’s worth noting that the above expressions correctly reproduce the standard 
GB interaction in the limiting case A=B. Moreover, they also can be used to 
model the interaction between an anisotropic and a spherical site, i,e. a GB- 
LJ pair. To our knowledege, these are the first complete mixing rules for the 
interaction of two different GB sites, e,g. such as required to simulate mixtures 
of rod- and disk-like molecules. 

With respect to the GB model, two new features are taken into account in 
the nGB+Q model: quadrupolar effects and internal fiexibility. For the latter, 
the rotation of each disk around the main axis is driven by a torsional potential 
V (0) which takes the form proposed by Tsuzuki et al. [21] for biphenyl 

F(0)(kJ/mol) = 5.19 + 3. lOcos(20) + 5. 19cos(40)-f-O.88cos(60) (28) 

where 0 is the angle between two adjacent rings. 



2.2.3. FA model 

The last model that we have investigated is a fully atomistic representation, in 
which all interactions between atoms of molecules A and B are modeled by a 
modified Lennard-Jones potential and a point charge term, as follows 



A B 



t J 















+ 



mj 



where and G/y can be obtained by the standard mixing rules, and ^/y = 
(^/^y)5. Due to its computational cost, this last model is being used only on 
the biphenyl molecule, in a MD simulation still in progress. 



2.3. COMPUTER SIMULATIONS 

In most simulations performed so far, we have used the Monte Carlo method 
[22]. In order to study the phase diagram, we have chosen to carry out our 
MC simulations in the isothermal isobaric ensemble, MC NPT [23] which, 
although a bit computationally more expensive, possesses several advantages 
with respect to the canonical ensemble Monte Carlo, MC NVT [24]. Allowing 
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the shape and the volume of the simulation box to fluctuate favors, in fact, the 
achievement of the natural structure of the system, in keeping with the periodic 
boundary conditions actually used. In addition, the variation of the density in 
constant pressure simulations reduces the risk that the system remains trapped 
in a metastable state whose density belongs to a coexistence region of the phase 
diagram. This, in turn, means that the smearing of first order transitions in 
finite systems, common in fixed density simulations, is reduced when density is 
allowed to change. Finally, we note that real experiments are usually performed 
at constant pressure, so that the isothermal isobaric appears to be the statistical 
ensemble closest to experimental conditions. 

The numerical experiments have been performed according to the usual 
rules of the MC NPT scheme, using systems of 600 particles, at a pressure of 
1 atm and at several temperatures, varied in a stepwise manner. Both in the 
GB and nGB+Q models, a particle has been selected at random and trial dis- 
placements of the center of mass and reorientations of the long axis have been 
executed. In the nGB+Q model an additional attempt to rotate a randomly se- 
lected disc of a molecule perpendicularly to its axis has been carried out, in 
order to sample the conformational space. The shape and the volume of the 
computational box have been changed during the simulations by attempting 
to vary a randomly selected edge of the box. The different moves have been 
selected randomly and not sequentially to preserve the detailed balance condi- 
tion. The value of the maximum allowed changes has been chosen in order to 
reach a 30%-40% of acceptance ratio for every kind of move, but never mod- 
ified during both equilibration and production runs, again to preserve detailed 
balance [25]. 

The equilibration has been assessed by monitoring the evolution of a num- 
ber of observables such as enthalpy, density and orientational order parameter, 
T). The latter has been calculated following Veillard-Baron [26], that is diago- 
nalizing the Q tensor: 




where N is the number of molecules, a,p = x,y,z and uf is the component 
along a of the imit vector describing the orientation of particle i, and picking 
the largest eigenvalue. Every equilibration has been followed by a production 
run in which averages of the thermodynamic properties have been collected 
and whose error bars have been calculated by standard block method. In ad- 
dition, a family of spatial correlation fimctions have been computed in order 
to qi antitatively characterize the translational and orientational structure of the 
phas ;s involved. Particular attention has been paid to g(r) , the well known pair 
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correlation function of the centers of mass, and G 2 (r) 



Gi {nj) = {PiiuiUj)) inj) (30) 

where P 2 denotes the second Legendre polynomial and w, and wy are the unit 
vectors defining the orientation of the long axis of the molecules i and 7 , sep- 
arated by the intermolecular distance r/y. This function describes the orienta- 
tional correlation of two molecules as a function of the distance between their 
center of mass and it reaches the asymptotic value of ri^ at large r/y. 

3. Results and Discussion 

3.1. POTENTIAL ENERGY SURFACES 

Considering each /?-n-phenyl as composed of n benzene fragments, only two 
fragment-fragment contributions suffice to reconstruct the PES of the whole 
dimers, namely the benzene-benzene and the benzene-hydrogen ones. We use 
the interaction energy already calculated and reported in Ref. [13]. Here we 
show (Table 1) only a few values for three local minima together with recent 
literature data. 

TABLE 1 . Comparison of calculated interaction energies for some local minima of the 
benzene dimer in the parallel sandwich (SS), T-shaped (TS) and parallel displaced (PD) 
configurations. One benzene lies in the XZ plane and x, y, z, a, p, y coordinates fix the 
position of the other, (a) ref. [13], (b) ref. [15] and (c) ref [16] . 



Geom 


X(A) 


Y(A) 


Z(A) 


a (deg) 


P (deg) 


Y(deg) 


Energy (kcal/mol) 




0.0 


3.9 


0.0 


0 


0 


0 


-1.70 


SsW 


0.0 


3.9 


0.0 


0 


0 


0 


-1.72 


SSW 


0.0 


3.9 


0.0 


0 


0 


0 


-1.48 


Ts(o) 


0.0 




5.2 


0 


90 


■I 


-2.20 


TSW 


0.0 




5.2 


0 


90 


mm 


-2.48 


TsW 


0.0 




5.2 


0 


90 


n 


-2.46 


pd(“) 


0.0 


3.3 


1.7 


0 


0 


0 


-2.30 




0.0 


3.3 


1.7 


0 


0 


0 


-2.79 


pdW 


0.0 


3.3 


1.7 


0 


0 


0 


-2.48 



For each pair of fragments we have calculated interaction energies for al- 
most 200 geometries, which where used to compute a fragment-fragment in- 
teraction energy expressed as a sum of atom-atom contributions. This form has 
been then used to recover the PES for the pair of molecules under study. 
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Figure 2. Cross section of the biphenyl dimer PES for the sandwich configuration. The angle 
between the two rings is kept fixed at 42° . Reconstructed curve (solid line) and direct ab initio 
data (dots) are reported. 



The biphenyl molecule constitutes an appropriate case to test the validity 
of the reconstruction procedure: its dimensions, indeed, allow direct ab initio 
calculations at the same level of accuracy as used for the fragment-fragment 
interaction. For this purpose, the reconstructed PES of the biphenyl dimer and 
a few energy values, calculated directly at the MP2 level on the whole dimer, 
are compared in Fig. 2, for the sandwich configuration. It is apparent that the 
reconstruction approach does not introduce imwanted changes in the charac- 
teristic features of the dimer PES and a good accuracy in reproducing the in- 
teraction is achieved. 

The PES of the other members of the series has been calculated in the same 
way. Cross sections are reported in Fig. 3 for some selected configurations. In 
all cases, the reported interaction energies have been obtained for the internal 
equilibrium geometry of the molecules. The interaction energy increases sig- 
nificantly along the series for the parallel configurations, while it is almost con- 
stant for others configiuations, e.g. T-shaped, cross and end-to-end. This trend 
suggests that the increasing shape anisotropy, i.e. the elongation of the rod- 
like molecule, results in an augmented tendency of the dimer to prefer aligned 
conformations, thus leading to orientationally more ordered bulk phases. In 
particular, as already noticed for the benzene dimers, a displacement along the 
long axis direction allows the molecules to reach stable configurations, favor- 
ing the parallel displaced geometries to the detriment of the parallel sandwich 
ones. It is also worth noting that the T-shaped configuration, in contrast with 
the benzene results, are not favored with respect to the parallel ones. This is 
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Figure 3. Cross section of oligophenyls dimer PES for some relevant geometries. Curves 
for biphenyl (dotted-dashed line), p-terphenyl (dotted line), p-quaterphenyl (dashed line) and 
p-quinquephenyl (solid line) are reported. R is the distance between the centers of mass. The 
PD configuration is defined by the polar angle 9=110° (drawn in the figure) and the azimuthal 
angle set to 70° 



not surprising, considering that the stabilization of the parallel alignment of 
the oligophenyls series arises from an increasing number of sandwich (SS) 
and parallel displaced (PD) contributions of the phenyl-phenyl pairs (see Table 
1), whereas in the T-shaped conformation, only a pair of fragments contribute 
significantly , regardless of the molecular size. 

3.2. FITTING RESULTS 
3.2.1. GB model 

For the biphenyl molecule, all three models described in section 2.2 were ap- 
plied both in the fitting and in the simulations. 

As said in the previous section, details of the fitting procedure using the 
GB model have been given elsewhere [18]. In Table 2 we report the set of 
optimized parameters for all the series. Although the GB model accounts for 
the anisotropic nature of the intermolecular interactions, it misses some other 
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TABLE 2. Parameters of the GB model for the oligophenyls series, n indi- 
cates number of phenyl rings in the molecule; all e’s are in kcal/mol and all 
a’s are in A. 



n 


eo 


^ss 


£>ee 


CJo 




Oee 




V 


A 


2 


2.34 


2.93 


0.28 


4.62 


4.62 


11.31 


6.00 


0.57 


1.29 


3 


2.02 


3.45 


0.30 


5.14 


5.14 


15.53 


-12.0 


0.87 


1.10 


4 


2.10 


4.81 


0.30 


5.32 


5.32 


19.83 


-1.64 


1.27 


0.93 


5 


2.35 


5.71 


0.30 


5.32 


5.32 


24.14 


-2.94 


1.02 


0.99 



essential features of the real dimers interaction. Among these, the system biax- 
iality and internal flexibility, deriving from the torsion of the rings around the 
long molecular axis, are expected to play a crucial role in the transition from 
the crystalline structure to less ordered phases. In this sense the GB model 
turns out to be an oversimplified description of these systems. Indeed, as re- 
ported in the next section, even the addition of a quadrupolar interaction term 
[20] to the GB model (to obtain a better description of the parallel displaced 
stabilization) does not fix its defects, confirming the importance of including 
internal flexibility in the study of condensed phase and transitions among them. 

3.2.2. nGB+Q model 

The nGB+Q model can describe to a good level of accuracy the potential fea- 
ture of the reconstructed ab initio PES and can take into account the changes 
in energy arising from the internal flexibility. In Fig. 4 we compare the cross 
sections of the calculated PES and the fitted potential for some conformations 
of /?-quinquephenyl. Similar results have been obtained for the other members 
of the series. 

From the parallel displaced cross section in Fig. 4, it can be noted the effect 
of the quadrupolar interaction which shifts the minimum toward the slipped 
configuration, in agreement with the quantum mechanical results. 

The set of optimized GB parameters are reported in Table 3, while the op- 
timized quadrupole (which were imposed to be the same for each phenyl ring) 
and the standard deviations are reported in Table 4. The weighting function w/ 
was 



Wi = e~^^ (31) 

where £*/ is the energy at the /-th geometry and we have used a = 0.05 
(kcal/mol)“* as coefficient. Moreover, in view of the poor significance of very 
repulsive values in a freezed-geometry, all the energy values Ei > 20 kcal/mol 
were discarded from the fitting. 
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Figure 4. Comparison of reconstructed dimer PES (dots) and fitting potential of 
/7-quinquephenyl (curves) with the nGB+Q model for some configurations. 



TABLE 3. Parameters of the nGB+Q model for the oligophenyls series, n indi- 
cates number of phenyl rings in the molecule, and m indicates the position of the 
ring inside the polyphenyl ; e’s are in kcal/mol and a’s in . 



n 


m 


£o 


^ss 


tee 


Oo 


Css 


Cee 


M 


V 


% 


2 


1,2 


0.30 


1.00 


6.78 


6.83 


6.83 


3.18 


1.0 


1.20 


0.86 


3 


1,3 


0.38 


1.20 


3.25 


6.69 


6.69 


3.41 


1.0 


2.07 


0.89 


3 


2 


0.17 


0.43 


11.48 


6.86 


6.86 


2.83 


1.0 


-0.87 


0.77 


4 


1,4 


0.32 


1.39 


11.27 


6.90 


6.90 


3.20 


1.0 


-0.86 


0.83 


4 


2,3 


0.40 


0.56 


5.29 


6.56 


6.56 


3.16 


1.0 


-0.61 


0.84 


5 


1,5 


0.32 


0.69 


8.58 


6.85 


6.85 


3.21 


1.0 


-1.24 


0.79 


5 


2,4 


0.54 


0.56 


5.99 


6.51 


6.51 


3.19 


1.0 


-3.42 


0.83 


5 


3 


0.29 


1.40 


8.13 


6.43 


6.43 


3.31 


1.0 


1.46 


0.81 
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TABLE 4. Optimized quadmpoles of the nGB+Q 
model for the oligophenyls series. All quadmpoles 
were imposed to be equal on each phenyl ring. Stan- 
dard deviations in kcal/mol are also reported for each 
polyphenyl. 



n 


Q (x 10^^ e.s.u. 


Standard deviation 


2 


4.69 


0.64 


3 


5.43 


0.47 


4 


4.00 


0.60 


5 


3.13 


0.64 




Figure 5. Interaction energy of a biphenyl dimer in a sandwich configuration, from this work 
and literature potentials.(a) Williams potential Ref [27] and (b) OPLS force-field [28]. 



3.2.3. FA model 

Finally, to further improve the matching to the ab initio reconstructed PES, we 
have used the FA model for the fitting of biphenyl and compared the results 
with the nGB+Q model and some literature force-fields (Fig. 5). Standard de- 
viation, obtained with the same fitting procedure as for the nGB+Q model, was 
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0.2 kcal/mol, indicating an improved agreement with the ab initio data. 

3.3. SIMULATION RESULTS 

The oligophenyls series constitutes a natural and perhaps unique choice to test 
our procedure for calamitic molecules, for several reasons: the biphenyl and p- 
terphenyl form the core of many mesogenic molecules; the p-quinquephenyl is 
actually nematic at atmospheric pressure between ~655 and c^685 K [29, 30]; 
the n-phenyls have no flexible tails and a shape that makes them amenable to 
a single site modeling. 

3.3.1. GB model 

As mentioned in the Introduction, we wanted to compare results obtained from 
different models, all parameterized on the same set of ab initio interaction en- 
ergy values. Let’s start the discussion of our results from the single site Gay- 
Beme model which represents the simplest level of our hierarchy of descrip- 
tions of the PES of oligophenyls. 

We recall that most computer simulation studies using GB particles are 
usually performed at reduced pressure, P* = Pcl/to, and reduced tempera- 
ture, r* = ksT /eo, of the order of unity. After inserting typical values for Eq 
and Go, one obtains real temperature T of the correct order of magnitude, but 
corresponding values of pressure of the order of 10^ bar, i.e. remarkably higher 
than 1 atm [3 1,32]. With the single site GB, in particular, our aim was to test its 
capability under conditions of pressure and temperature close to that of most 
experimental and synthetic works. 

In principle this issue should be assessed through a systematic variation of 
the adjustable parameters occurring in the GB potential. As this would require 
a huge computational effort, we resort to the procedure proposed in Ref [33], 
where a realistic pair potential, is built and mapped onto the GB potential. In 
Ref [33] a set of Lennard- Jones sites was used to model /?-terphenyl while here 
we use ab initio calculated potentials for the whole series of p-oligophenyls up 
to 5 phenyl rings. The parameters we find for the single site GB potential are 
given in Table 2. 

Systems of 600 particles have been simulated at atmospheric pressure and 
several temperatures by Monte Carlo method in the isothermal-isobaric ensem- 
ble. Because the GB particles have an ellipsoidal character, the equilibration 
runs have started from an expanded fee crystal structure, elongated in the [1 1 1] 
direction, chosen parallel to the z axis. During the production runs, thermody- 
namic and structural indicators have been monitored. The results have been 
presented in Ref [18] so we give here only a brief summary. 

When the simple GB model is applied to biphenyl, it proves to be able 
of yielding crystal, liquid and gas phases. For the successive members of the 
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series, however, the condensed fluid phase completely disappears and the crys- 
talline phase evolves directly toward the gas phase. These results are in accord 
with previous studies performed on Gay-Beme particles changing one of the 
original GB parameters [3] at a time. For instance, the effect of varying k' and 
K has been studied in Ref [34] and [35] respectively. Increasing k', a trans- 
lationally and orientationally ordered phase is stabilized at low temperatures; 
the liquid region in the P-T plane is reduced till the critical point disappears, 
if K also is augmented. In [34], [35] and elsewhere the ordered phase is char- 
acterized as a Smectic B phase. However, a recent study on the global phase 
diagram of the GB model with the original parameterization [36] has shown, 
by free energy computations, that such phase is actually a crystal, as in our 
investigations. It is likely that this conclusion extends to all members of the 
GB class of potentials. 

Coming back to the question whether the GB model is able to describe 
the behavior of mesogens at atmospheric pressure, it seems that the answer, 
although not definite, should be negative, at least for calamitic liquid crystals. 
It is fair to notice, in fact, that typical values of eo and Gq for discotic molecules 
lead to a pressure of 40 atm, if a reduced pressure of 1 is again considered 
[37]. Discotic GB particles seem therefore more suitable for a single site GB 
modeling under atmospheric pressure conditions. This might be traced back 
to the fact that the core of discotic liquid crystals is more rigid than that of 
calamitic molecules. It seems that some degree of internal flexibility is a key 
feature for a reasonably realistic model of rodlike mesogens. It is for such 
reason that we have turned our attention to the nGB+Q model, whose results 
are presented below. 

3.3.2. nGB+Q model 

The hybrid, multi-site nGB+Q model constitutes the next level of our hier- 
archy of models, lying between the single site GB and a fully atomistic pair 
potential, as far as realism and computational complexity are concerned. Here, 
each phenyl ring is described as an oblate GB ellipsoid with an axial quadru- 
pole at its center. The quadrupole-quadrupole interaction is known to play an 
important role to determine the properties of systems of benzene molecules 
[16]. The internal rotations between discs along the molecular axis have been 
assumed regulated by a torsional potential coming from ab initio calculations 
[21]. Different torsional angles are assumed to be uncorrelated. 

As for the GB model, we have simulated systems of 600 molecules at 
atmospheric pressure and several temperatures, making use of the MC-NPT 
technique described in Section 3. For consistency with the work with the sin- 
gle site model, we have started the equilibration runs from the same crystal 
structure, replacing each GB particle with a nGB+Q molecule, with dihedral 
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Temperature (K) 



Figure 6. nGB+Q model: thermodynamic properties as a function of temperature for biphenyl 
(black circles) and p-terphenyl (triangles). 

angles between two contiguous discs set to the value of ~45° , which corre- 
sponds to the minimum of the torsional potential as calculated in [21]. In Fig. 
6 and 7 the enthalpy, density and orientational order parameter are shown as 
a function of temperature for the four systems. Some of the results reported 
in Fig. 6 and 7 are compared with experimental data in Tab. 5. The melting 
points (Jm) were determined in simulation by considering the average value 
between the highest temperature in the solid and the lowest in the liquid phase 
for each oligophenyl; clearing (7]y/) and boiling (T*) points where determined 
analogously. Enthalpies of melting (AHm), clearing {AHm/) and vaporization 
(AHjJjp) where determined taking the differences and 

- H'“', respectively. 

Broadly speaking, the range of stability of the phases is reproduced by 
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Figure 7. nGB+Q model: thermodynamic properties as a function of temperature for 
/7-quaterphenyl (black squares) and p-quinquephenyl (circles). 



the simulation, but melting temperatures are significantly underestimated for 
p-terphenyl and /7-quaterphenyl. All transition enthalpies are also underesti- 
mated, with relative deviations increasing along the series. 

Nevertheless, an improvement stands out clearly if these results are com- 
pared with the corresponding data for the single site model, which fails in 
giving a stable liquid phase. Besides a translationally and orientationally or- 
dered phase, at low temperatures, the four systems show two isotropic fluid 
phases both with an almost vanishing orientational order parameter rj, but with 
definitely different enthalpies and densities. 

More importantly, we have obtained a value of orientational order param- 
eter of ~ 0.5 typical of a nematic phase, for /7-quinquephenyl at T = 650 K, 
not far the temperature range found experimentally for this mesophase, i.e. 
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Figure 8. nGB+Q model: equilibration of the order parameter T| for the p-quinquephenyl at 
600 K (dashed line), 650 K (solid line) and 700 K (dotted line). 



between 653 and 681 K [30] or 660 and 688 K [38]. 



TABLE 5. Thermodynamic results of the nGB+Q model, n indicates the 
number of phenyl rings in the p-n-phenyls. All temperatures are in K, all 
A//’s are in kcal/mol. (a) Ref. [38] (b) Ref. [29] and references therein 
(c) Ref. [30]. 



n 


T„ 


Tni 


Tb 




AHni 


AH^ap 


2 


325 


- 


525 


2.84 


- 


7.34 




344 (a) 


- 


529 (b) 


4.49 (a) 


- 


12.91 (b) 


3 


375 


- 


615 


5.85 


- 


9.00 




493 (a) 


- 


658 (b) 


8.48 (a) 


- 


18.88 (b) 


4 


475 


- 


825 


3.20 


- 


10.00 




587 (a) 


- 


773 (b) 


9.03 


- 


27.96 (b) 


5 


625 


675 


875 


2.4 


2.0 


14.10 




660 (a) 


688 (a) 


823 (b) 


10.11 (a) 


0.22 (a) 


36.09 (b) 




653 (c) 


681 (c) 













In view of the known tendency of these systems to remain trapped in 
metastable states, we have extended the equilibration run to over 220 million 
of steps, until the order parameter apparently reached a reasonably constant 
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Figure 9. nGB+Q model: correlation functions for /7-quinquephenyl in the crystal (solid line), 
in the nematic (dashed line) and liquid phase (dotted line) at T = 450 K, 650 K and 800 K 
respectively. 



value (see Fig.8) for about 50 million configurations: the average value of r| = 
0.53, obtained during the production run, lead us to consider the equilibrium 
phase of /7-quinquephenyl at T = 650 K as nematic. This conclusion is con- 
firmed by the fluid-like character of both the pair correlation functions g(r) 
and G 2 (r), whose asymptotic value is equal to (see Fig. 9). Nevertheless, 
further investigation is certainly warranted before the actual nature of the phase 
of /7-quinquephenyl at 650 K can be reliably assessed. However, we consider 
this a promising result and an indication that the level of modeling entailed 
by the nGB+Q model might be sufficient for at least a semi-quantitative re- 
production of the phase diagram of mesogens. Of particular importance when 
studying the oligophenyls series is the dependence of the dihedral angles be- 
tween two contiguous discs on the phase thermodynamically stable at a given 
temperature. It is known in fact (see references in [39]) that for biphenyl the 
two phenyl rings are almost coplanar in the crystalline phase, have an angle 
of twist of ~ 30° in the liquid phase and ^ 45° in the gas phase. This trend 
is well reproduced by our computer simulation data, as one can see in Fig. 10 
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Figure 10. nGB+Q model: phase dependence of distributions of the inter-ring torsional angle 
9 for biphenyl (upper panel) and p-terphenyl (lower panel). 



where the distribution function of the dihedral angle is reported at different 
temperatures in the three phases. The maximum of the distribution function is 
found at 0 ~ 10° at T= 100 K and it moves toward 0 ^ 35° in the liquid at T= 
400 K and 0 45° in the gas phase, at T= 550 K. A similar behavior could 

be also encountered in the other members of the series, However, as shown in 
Fig. 10 for /7-terphenyl, the maximum of the distribution function of the dihe- 
dral angle does not show a similar sensitivity to temperature as for biphenyl. 
It stays essentially fixed at 0 = 45°, which corresponds to the minimum of the 
torsional potential, whereas the average value found in the ordered phase (T= 
100 K) is no lower than 35° . A similar behavior was observed for the higher 
homologues. A possible reason of this finding is that the computed torsional 
potential, though reasonably accurate for biphenyl, might not be transferable 
to the larger oligophenyls. Actually, it turns out that the height of the barrier 
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at 6 = 0° is overestimated in Ref. [21] compared to the best experimental and 
theoretical data (see Ref [39] and references therein), including a recent work 
[40] by the same group of Ref [21]. This implies, already for /7-terphenyl, that 
the conformation with all dihedral angles set to zero has a very low probabil- 
ity to occur in the dilute gas phase and that condensed matter effects are not 
sufficient to counter the tendency of the dihedral angles to be far from this 
value, as happened for biphenyl. All the above has prompted us to undertake a 
comprehensive study of the torsional potential with larger basis sets for all the 
oligophenyls considered here, in particular to test to what extent the torsional 
angles of two adjacent rings are correlated [41]. The results will soon be tested 
in a new series of simulations like that described in this work. 

3.3.3. FA 

In our hierarchy of models, the full atomic detail description represents the 
highest level of realism. It is worth noting that a less expensive and quite com- 
mon description would be possible, adopting the united atom model. Actually, 
a fitting with a UA potential was also tried, but its adherence to the recon- 
structed PES was unsatisfactory, so this model was not further pursued. 

The molecular dynamics simulation of the fully atomistic pair potential of 
biphenyl obtained as described in Section 3.2.3 and employing the recently 
computed torsional potential [41] is in progress [42]. This study, carried out 
on a system of 600 molecules at constant temperature and pressure, is mainly 
intended as a test of the fragmentation approach and of the quality of the parent 
ah initio results. For instance, comparison with experimental data will show if 
non pairwise additive interactions can safely be neglected in biphenyl, as it 
has been proven true for benzene [43], at least in homogeneous, bulk environ- 
ments. The results obtained so far, however, are still too preliminary to allow a 
reliable comparison with those relevant to the nGB+Q model, as well as with 
experimental data. 

4. Conclusions 

In this Chapter we have presented the first results of a recently proposed ap- 
proach to the study of liquid crystal forming molecules, based on interaction 
potentials derived from ah initio calculations [13]. The basic idea is that of 
decomposing the molecule of interest into a number of fragments, whose in- 
teraction potential can be calculated with accurate ah initio quantum mechan- 
ical methods. These data are then used to obtain the PES of the whole parent 
molecule through a proper recombination scheme. 

There are two main advantages of this approach. The first is that, since 
no experimental data is necessary to build the two-body potential, it can in 
principle be used with predictive purposes. The second is that it allows a con- 
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sistent comparison of different models coming from the same PES, which is a 
source of useful information, both to assess the ’least- detail’ level required for 
a satisfactory reproduction of experimental data and to trace back the observed 
results to features of the model. 

To validate this approach, we have chosen the series of p-oligophenyls as 
a test case. These systems, despite a simple structure with no flexible tails, 
are able to form stable mesophases and can be considered a sort of ’fruit fly’ 
among mesogenic molecules. 

The PES obtained with the recombination scheme has been fitted with three 
different models of increasing realism. The first is a simple single-site GB 
model while the second (nGB+Q) describes each phenyl ring with an oblate 
GB ellipsoid bearing a linear quadrupole at its center and includes a potential 
term governing the interring torsional motions. Finally, the third is expected 
to be the most realistic representation, involving a LJ and a charge term on 
each atomic site (FA model). The latter is obviously a computationally very 
demanding model, so its use in simulation is currently restricted to biphenyl. 
On the other hand, this is also the most flexible description and the one that 
more closely reproduces the recombined PES. So its use is mostly meant to 
discriminate the capabilities of the ab initio plus recombination route to poten- 
tials. 

The process of validation of any force field for simulations should be ex- 
tended to the study of the largest possible set of structural, energetic and dy- 
namical properties [44]. In this preliminary report, we mainly focused on the 
phase diagram also in view of its importance for potentially mesogenic mate- 
rials. 

All simulations have been carried out at constant one atmosphere pres- 
sure, irrespective of the model employed, also for an easier comparison with 
experimental results. Under these conditions, the single site GB model pro- 
duced satisfactory results for melting and boiling temperatures (less so for the 
corresponding enthalpy changes) only in the case of biphenyl. For all longer p- 
phenyls considered, no stable liquid phase was obtained. Possible size effects 
have been tested running a simulation with a larger number of particles (2160) 
for p-quinquephenyl. However the results substantially reproduced that of the 
smaller system, again with no liquid phase. 

From this point of view, the more realistic description provided by the 
nGB+Q model yields remarkable improvements, although the disagreement 
with experimental data is still significant. Stable liquid phases are obtained 
for all p-phenyls with better results also for transition enthalpies. More impor- 
tant, an order parameter consistent with a nematic phase has been found for 
/7-quinquephenyl at 650 K, close to the nematic range determined experimen- 
tally for this system (~655-f ~685 K). 
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Unlike the single site GB, the nGB+Q model is a biaxial model in which 
both quadrupole moment and internal flexibility of the molecule are taken into 
account. As the difference between the two descriptions is not restricted to a 
single feature, it is less straightforward to point out the role of each change. 
However, we carried out some testing with a single site GB model including a 
quadrupole moment along the long molecular axis, but no significant progress 
was obtained with respect to the stability of the liquid phase. Hence, in our 
opinion, most of the credit for the improvement provided by the nGB+Q over 
the GB model is due to the explicit account of the torsional degrees of free- 
dom. Actually, some kind of internal flexibility is present in all real mesogenic 
molecules, but is missing in the rigid single site GB model. So, the ability of 
the latter model to form mesophases seems to require rather high pressure in 
addition to proper values of shape and interaction well anisotropy. 

Flexibility apparently introduces elements of disorder that, combined with 
the ordering forces related to shape anisotropy, can produce the balance of 
energetic and entropic effects necessary to stabilize mesophases. Due to the 
importance of this internal degree of freedom, a comprehensive study of the 
potential which drives the torsional motions in the p-phenyls and of the corre- 
lation among torsions in p-phenyls has been carried out [41]. The results will 
be used in a new series of simulations with the nGB+Q model as well as with 
the FA description, at least for biphenyl. 

The results obtained for the latter molecule in the FA scheme are so far too 
preliminary to allow significant comparison with the nGB+Q model. It seems 
however that the nGB+Q model, of much reduced computational cost with 
respect to a full atomic detail description, contains all the basic features which 
are responsible for the mesomorphic behavior of real oligophenyls. 

Hence, since biphenyl and /?-terphenyl are very common building blocks of 
liquid crystal forming molecules, the results summarized above open the way 
to the development, from ab initio computed pair interaction data, of hybrid 
models of known or, more interestingly, novel materials, whose phase behavior 
and properties can be investigated by computer simulation techniques. 
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Abstract: We review recent theoretical and experimental developments in 

the field of complex polymers that carry a chemical and topolog- 
ical disorder. The polymer classes discussed include chemically 
disordered crosslinked heteropolymers and liquid crystalline het- 
eropolymers. Field theory and spin glass averaging methods are 
very useful to study complex disordered polymers. The field the- 
ory allows explicit account of chain conformation contributions 
to thermodynamical quantities and a faithful representation of 
experimentally observable order parameters. Spin glass averag- 
ing methods presented here are instrumental for averaging over 
chemical and topological disorders. The review centers on theory 
development, predictions for conformational and orientational or- 
dering, phase diagram analysis and also comparison with experi- 
mental results when possible. 
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Random heteropolymers (RHPs) with physical crosslinks are 
shown to exhibit three globular phases: frozen-globular with 
micro-domain structure, random-globular and frozen-random- 
globular. For RHPs with chemical crosslinks our theory predicts 
three frozen-globular phases, and one random-globular phase; 
the intra-frozen transitions are conformational transitions which 
do not require any re-entrant passages via the random-globular 
phase. The phase diagram of crosslinked RHPs is systematically 
explored in parameter and thermodynamic variable space, and 
physical explanations for the conformational organization and the 
order of the phase transitions is provided. 

The second class of disordered polymers we review are many- 
chain mesogen/flexible disordered copolymers (DLCP). A field 
theory and creation-annihilation summation rules are proposed 
to carry out coupled orientational and conformational averages 
of polymer chain conformations in these complex systems. Pre- 
dictions for the effect of flexibility, stiflftiess and inter-segment 
alignment on orientational ordering, the nematic/isotropic den- 
sity threshold and the segmental orientational ordering at the ne- 
matic/isotropic transition is discussed in close proximity to ex- 
perimental studies. 



1. Introduction 

Gels and polymer networks play a central role in the fabrication of imper- 
meable tubes, tires, sieving matrixes [1], hydrolic fracturing gels (petroleum 
industries) [2], and self-regulating insulin delivery systems [3]. In these appli- 
cations they are sealers of electrical components, elastomers, crack promoters 
of rocks, designing oil cleaning products, electrophoresis and chromatography 
supports, adsorbers, and thermo-gel responsive polymer matrices. 

In a broad sense, gels can be categorized by the size of crosslink con- 
stituents in two sub-classes: particle gels, formed by colloid, particulate or 
globular heteropolymer aggregation [4], and gels formed by reversible / ir- 
reversible crosslinking of polymer chains. From the view point of the gel 
crosslink nature polymer gels may be divided into two sub-classes. One cat- 
egory is comprised of systems wherein the crosslink junctions freely reor- 
ganize as dictated by existing experimental conditions; these are physically 
crosslinked gels. The second category is comprised of systems in which the 
identity of segments involved in the crosslinks become fixed upon the removal 
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of the crosslinking agent; systems in this class are referred to as chemical or 
irreversible gels. 

Gel phase features and macroscopic performance are determined by the 
chain conformations adopted by the polymer networks [5], and the response 
of these conformations to external disturbances as stresses, electric fields, and 
thermodynamic conditions set by solvent quality, pH and temperature. The gel 
responsiveness is set to a large extent by gel preparation conditions (pre-gel 
state) [6], which ultimately determine the network topology, the gel nature (re- 
versible or irreversible), and the gel chemical constitution. Irreversible gels 
constructed via disparate processing pathways render networks with qualita- 
tively different thermodynamic and mechanical properties. Consider for exam- 
ple the synthesis of soft homopolymer vulcanizates; properties such as tensile 
and tear strength, stiffness and hardness display a shallow maximum with in- 
crease of the cure time. Other properties as elongation and permanent set drop 
continuously, while cure at higher temperatures shift the stress - strain curves 
to shorter times [5]. 

Thermo-mechanical response of physical and chemical homopolymer gels, 
was studied via spectroscopic and mechanical methods [7] (and refs, herein), 
and theory/computation [8]— [9] (and refs, herein), and many aspects of their 
properties and phase behavior are now fairly understood. Recently, the ad- 
vent of the hetero-dyne/non-ergodic methods made progress possible for the 
study of d 30 iamical and kinetic features of sol/gel systems. Experiments can 
now probe non self-averaging, gel meso-speckles, and essentially distinguish 
crosslink effects in relaxation spectrum from scattering of uncrosslinked mono- 
mers; these studies focused on a broad range of experimental conditions for ho- 
mopolymer sol/gels and the emergence of dynamical regimes across the sol-gel 
transition, for physical [10] and chemical gels of polysacharides [11]. 

The theoretical study of random heteropolymer (RHP) gels offer unique 
challenges which do not need to be confronted in homopolymer gels. The dis- 
tinctly new challenges arise due to multiple sources of frustration present in 
RHP gels among microscopic constraints and microscopic interactions; the 
constraint types are the fixed distribution of sequences and chain connectiv- 
ity in the pre-gel RHP ensemble, and the crosslink distribution determined 
by the pre-gel state. These constraints and the inter-segment, segment-solvent, 
solvent-solvent interactions compete and effect strongly the conformational 
gel organization; they are a source of multiple free energy minima, a complex 
phase diagram and thermo-mechanical gel response observed in experiments. 
The strong need for theory in this field to determine and quantify the effects of 
these competing forces was recognized in a seminal experimental paper pub- 
lished in Nature by A. Annaka and T. Tanaka [12]. 

The effects of crosslinking on phase ordering were studied in few classes of 
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simpler multi-component gels. In homopolymer blends e.g. [13], [14], random 
chemical crosslinks formed in the homogeneous phase preclude macro-phase 
separation and stabilizes formation of microphases. Other systems studied in- 
clude inter-penetrating polymer networks (IPNs) [15] and protein gels [16]. 
Experimental studies of thermo-mechanical response in RHP gels revealed 
unprecedented phase features that include the occurrence of multiple volume 
transitions which depend strongly on molecular interaction features and ph 
[ 12 ]. 

Equilibrium properties of linear RHPs, i.e. the uncrosslinked pre-gel state, 
were analyzed by lattice theories [ 1 7] and field theoretic approaches [ 1 8] — [ 1 9] . 
The Flory-Huggins approach provided insights in the phase behavior of RHPs 
immersed in critical solvents (e.g. [20]), yet this approach cannot predict meso- 
ordering observed in experiments [21] and computer simulations [22] such as 
the formation of microphases, and the reduction of the total number of chain 
conformations to few dominant folds. 

A new, modem theoretical view is needed to disclose, rationalize and pre- 
dict physics of complex disordered polymeric materials. Competition among 
interactions and constraints in these systems originate new forms of ordering 
and clearly a microscopic explicit theoretical representation of the forces and 
costraints is needed. Field theory is a robust framework that can express these 
competing forces and also their manifestations at a longer scale in the form 
of order parameters. This approach is primarily used in particle physics but 
it has been adapted also to the study of some simple polymeric systems. In 
this review we report progress made in our group in developing field theoretic 
methods for the study of technologically relevant disordered polymeric mate- 
rials. 

In our group, we developed theoretical methods that allow to average a field 
theory over two quenched disorders. In the first part of the review we describe 
application of our approach to the study of two broad classes of technolog- 
ically relevant materials, i.e. physically and chemically crosslinked RHPs in 
compact state at synthesis conditions [10] -[1 1]. Results for phase predictions 
are reviewed here in detail. Recently we also developed new diagramatic meth- 
ods that allowed us to study the thermo-mechanical response of crosslinked 
non-compact RHPs at ambient gel conditions, [25], [26]. 

In the second part of the review we discuss application of a new method we 
developed to compute coupled conformational and orientational averages of 
chain conformations in disordered semiflexible heteropolymer solutions. Phase 
diagram results from application of these methods to study disordered liquid 
crystalline polymers (DLCPs), a class of paramount technological importance, 
will be reviewed. DLCPs have been recently the focus of an increasing ex- 
perimental attention due to opportunities in controlling material features via 
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sequence statistics and interactions; material properties of interest include gi- 
ant optical non-linearities (GON) in photo-refractive response for non-linear 
wave mixing processes, thermal reorientation, light induced anchoring, and 
photo-alignment in Langmuir-Blodgett films [27]. The control of mentioned 
phenomena is relevant to information processing and storage, and also to fiber 
optics technology. 




Fig. la Qualitative description of 
fomiation of composition specific 
physical crosslinks in random het- 
eropolymers. 



Fig lb Qualitative description of 
topological contraints on conforma- 
tions due to composition specific 
chemical crosslinks in random het- 
eropolymers. 



In sec. 2 we define Hamiltonians for physically and chemically crosslinked 
RHPS and also the detailed experimental aspects of the crosslinking scenarios 
treated. A brief description of the mathematical steps involved in the derivation 
will be given; the derivations were provided in great detail elsewhere [29], 
[30]. In sec. 3 we present the free energies equations of RHPs with physical 
and chemical crosslinks; in sec. 4 the phase diagrams are presented and the 
emerging physical picture is discussed while comparison is made among the 
manifestations of chemical and physical crosslinks in the phase behavior. In 
sec. 5 we introduced the theoretical modeling of DLCPs with emphasis on 
theoretical and experimental developments in the field. In sec. 6 we describe 
the physical motivation for the DLCP Hamiltonian and a description of the 
mathematical steps involved in the free energy for this system. Sec. 7 centers 
on broad theoretical predictions for nematic/isotropic ordering in disordered 
DLCPs in the context of recent optical microscopy measurements for these 
materials. 
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2. Theory development for physically/chemically crosslinked RHPs 

We consider a solution of crosslinked RHP chains in globular states. Lets in- 
troduce first the Hamiltonian of a linear RHP: 

HRHP = y, [ r{nfdn + l ^ f dr /i/r'pf(r)V,y(r-r')py(r) (1) 

r(n) designates the spatial location of the n’th segment, while 0(«) identifies 
the type of unit located at n. 0(«) = 1 if at n there is an A segment; 0(«) = — 1 
if at n there is a B segment. Here we consider ideal random heteropolymers, 
thus the coarse-grained sequence disorder component obeys a Gaussian pro- 
cess characterized by fluctuations aroimd the mean, < 0 >= 2/ - 1 . The fluc- 
tuation strength is given by: < (80(/j)50(n')) >= 8(« — n')Af{\ — /)/, 1 being 
the statistical segment length, and f is the fraction of the A segments. The mi- 
croscopic composition densities is given by: 

pA(r) = j i/«^(l-f 0(«))6(r-r(n)) 

Mr) = I dn^-{l-Q{n))b{r-r{n)) (2) 

and V(z7), the binary inter-segment interactions matrix: 




K^^(r-r’), and VsBir-r^) are specific A- A, A-B, and B-B segment- 

segment interactions, respectively. For convenience, the Hamiltonian in eq. 1 
is written in units of thermal energy, kX. 

Imagine now a linear RHP chain described by the Hamiltonian in eq. 1 
immersed in soluted composition specific crosslinking agents. First scenario, 
the cross-linking agent chemically equilibrated with the cross-linked moieties. 
For example proteins carrying cysteins and immersed in GSSG (glutathione), 
a linear crosslinking agent, become mixed di-sulfides by partial oxidation of 
the sulphydril groups on the cysteins; the crosslinking formation process is ef- 
fectively a first order kinetic process since the second step of intra crosslink 
formation is very fast, IQ-^sec [28]. The two kinetic constants for formation 
and annihilation of the mixed disulfide defines an equilibrium constant for 
crosslink formation. This crosslinking scenario is representative of synthesis 
of physical crosslinks considered herein. The formation of physical crosslinks 
in linear RHPs is represented in fig. la. Clearly, two identical linear RHPs se- 
quences can be continuously modified between distinct crosslink realizations 
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without the requirement of chain coimectivity modification to accommodate 
the crosslink shuffling [29]. Physical crosslinks can be accounted for as spatial 
constraints on the partition function of linear RHPs in a grand canonical en- 
semble formalism where the crosslink formation is controlled by generalized 
activities for homogeneous crosslinking Oaa^abb and heterogeneous crosslink- 
ing Oab (viz. [29]). 

Another type of crosslinks is possible as a continuation of the above de- 
scribed crosslinking scenario; upon the reach of chemical equilibrium, the 
crosslinking agent is either removed from solution or the crosslinks are frozen 
in space by acidification; under these chemical circumstances the crosslinks 
become fixed, and no further crosslink organization along the originally lin- 
ear RHP is possible. The constraint setting determined by this crosslinking 
scenario is represented in fig. lb. Clearly two identical RHP sequences having 
different fixed crosslink realizations are now topologically distinct, and no con- 
tinuous deformation will transform one crosslinked RHP chain into the other in 
fig. lb. a situation that is very different compared with the physical crosslinks 
depicted in fig. la. The fluctuations between different crosslink realizations for 
RHPs with chemical crosslinks are allowed by a generalized Poisson process: 
The probability of occurrence of M crosslinks of type A- A, J crosslinks of 
type A-B and K crosslinks of type B-B is linearly parameterized by /uaa ,fiBB 
and fiAB, and given by: 

P\f^s] = (4) 

This description is consistent with the quenched crosslinking constraint 
description in homopolymer systems [31], [32]. In the present problem the 
average number of crosslinks are linearly parameterized by fiAA,f^BB, f^-AB (viz. 
[30]). 

3. Outline of Solution 

Regardless of the crosslink nature the free energy of the system has the follow- 
ing implicit form: 

F=J,Px ([e])P 2 ([e], N)/og(Z([0], [r,])) (5) 

lei.hl 

[0] represents one sequence realization while [r,] are the coordinates of one 
crosslink realization. P\ ([0]) is the probability distribution of the quenched se- 
quence, while P 2 ([ 0 ]? [''/]) is the conditional probability for one realization of 
composition specific cross-links at a given fixed sequence. Note that our defi- 
nition of crosslink formation closely follows the crosslink preparation process; 




462 



for each given sequence realization, crosslinks can form by fixing composition 
specific inter-segment contacts from spontaneously occurring chain conforma- 
tions adopted by the linear RHPs. The algebra for the chemical and physical 
gels made of disordered RHPs was carried out by us in detail in [10], [1 1]. 

The resulting implicit form of the free energy for crosslinked RHPs has the 
form of F=E-TS, explicitly: 

^physical — f dVicPk{Yk) ~ -zTrlogi ^ 8 ^^^ ~rQk,kf) ( 6 ) 

k 'I 2 2 %f(p!s) 4 

where k is the replica index. 



V{aij,f) = 0.5Vo + 0.25(K4^ - FbbO) - 0.25x0^ (7) 



where 



^AA — K4A ^aa 
V BB — VBB—Clbb 

VAB~VAB-Clab (8) 

for a description of the physical meaning of the overlaps Qk^k! viz. [29]. The 
composed interactions are: 



Vq=^-{Vaa + Vbb + 2Vab) 

%F = \(yAB-VAA+VBB) (9) 

The entropy of RHPs with physical crosslinks may be expressed in the 
following manner: 

Sphysical = /og(< ns(0A,i' - Qk,k!) >) (10) 

k,k 

<> is the chain conformation average. 

For chemical crosslinks: 




1^ , / 1 
-Trlogj - 

2 2xf{jii's) 



8i,i'8o,p . 8k, f) 



( 11 ) 
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with the interaction parameters defined as; 



1f = Q.S{2Vab-Vaa-Vbb) 

V {p!s) — Q.5{piAA + 2 //^^) 

V{f) = O.SFo + 0.25(F^^ - Ffls)0 - x^t) 

Xfci(m's) = 0.5{2hab -fiAA -Mbb) 

V{/,fi's) = 0.5 Vijx's) - 0.25 (maa +m)0 - 

0.2SxFci{pls)Q^\l{p!s) =Xf- Xfci{m's) (12) 

for discussion on the physical meaning of overlap fields ) for chemical 
crosslinks viz. [30]. The entropy of RHPs with chemical crosslinks may be 
expressed in the following manner: 

Schemical = ^Ogil J][ 5 6 (13) 




0 is the chain conformation average. 

A simple scaling argument can be made [30] following the lines of [33] 
(viz. references herein) which shows that a one step RSB calculation is proper 
for RHPs with physical crosslinks in compact states. This argument has been 
recently generalized for RHPs with chemical crosslinks, and it has been shown 
that one step calculation is also suitable. 

The free energies calculated with Parisi Anstaz [34] are: 

^physical — (Y“t“ ~ ^^o)) (14) 

Xo 

with 

1 

’ Xf = Xf- ( 15) 
and 



^chemical — 7‘(1 — 2(^0 +Xq) + 

XqXq 

1)(aco- l)(xo-2)^) 

XqXq 



(16) 
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with: 



2 

IJ-a = y PX(/^'-y)^ (17) 

The order parameter which measures the total reduction of chain confor- 
mations to a few dominant folds, ^o, due to energetic and entropic constraints, 
is given by: 



= ( 18 ) 

Pi is the probability of the i’th fold. For many chain conformations, each con- 
formation acquires a low probability, and practically equals one. When the 
chain is collapsed into one conformation, i, pi=\ while other chain conforma- 
tions with j, pj=Q implying that ^o=0. The proper one step parameteriza- 
tion of ^ for RHP with chemical crosslinks was shown [30] to be ^ = xqx^q 
For chemical crosslinks, when a:o= 1, the reduction to a few dominant folds oc- 
curs due to the quenched sequence only; under such circumstances ^ 
and the free energy of RHP with chemical crosslinks given in eq. 17 becomes 
almost identical with that of RHPs with physical crosslinks. This is not sur- 
prising since the grand canonical description of physical crosslinks resembles 
to a large extent the Poisson distribution for the crosslinks with the assumption 
of the crosslink chemical equilibration with the crosslinking species. On the 
other hand, if xq 1 then = xq and few dominant folds may occur solely 

due to the presence of chemical crosslinks: The free energy of such a scenario 
is: 

^cl = :t(y(1 -2xo-1-(:co- l)(xo-2)^) + /og(l -^aXo) (19) 

The values of xq and x'q in the pertinent free energy sectors, and the stability of 
F with respect to xq and x'q are computed numerically using equation 1 6, xo , and 
Xq are computed first, and then from them is computed. The order of calcu- 
lation is crucial; for example the situation ofxo > 1, Xq < 1 requires to first set 
xo = 1 , and only then is computed from x'qXq = ^o- ^ile the value of ob- 

tained is used to determine the occurrence of freezing, the value and stability of 
the free energy sectors (sequence only, crosslink only or sequence+crosslinks) 
provides essential information on the sensitivity of the micro-domain structure 
of the frozen phase to the multi-form disorder components. 

Below, we study numerically the phase diagram dependence on interac- 
tion parameters of the RHP, temperature, disorder fluctuations, and number 
of composition specific crosslinks. These phase diagrams provide important 
information on conformational organization of globular RHP gels. 
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4. Phase diagram analysis 

Lets analyze the phase diagram of RHPs with physical crosslinks first; in fig. 
2 we display the temperature dependence of RHPs with physical crosslinks in 
the presence of heterogeneous crosslinkers (the generalized activity for het- 
erogeneous crosslinking is positive) and a positive, and relatively large 
At low temperatures, and relatively small generalized activities of the hetero- 



iii!. :.i 




Ui:. :i’ 




:ih :icm iiv 



Fig. 2 Phase diagram analysis of RHPs with composition specific and annealed 
crosslinks; 2a - 1=1, «aa=0, ai,b=0, Xf=3., p=l., vo=0.8, f=0.5 ; 2b - 1=1, aoa=0, a*6=0, 
Xf=-4., p= 1., vo=0.8,f=0.5 



geneous crosslinking agent, the RHP energetic interactions are dominant, and 
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we expect formation of few dominant folds with segregated domain structures 
(viz. frozen globule + MPS phase). An isothermal increase in the generalized 
activity for heterogeneous crosslinking enhances frustration between the ten- 
dency of microphase formation and the domain mixing induced by the het- 
erogeneous crosslink formation. When Oab is large enough the chain takes ad- 
vantage of many chain conformations and exits the frozen domain at vertex 
3 in fig. 2. At larger Qab values the chain reenters the frozen phase at ver- 
tex 2 in fig. 2 by forming a frozen-random-globule lacking domain structure. 
The re-entrant transition occurs at vertex 2 in fig. 2. Several interesting lim- 
its are also notable; above a specific temperature designed by vertex 1, the 
MPS-frozen-globule domain vanishes since energetic interactions are not suf- 
ficient to force the chain in few dominant folds. At large enough qjb values the 
random-globular-phase disappears and the passage between the MPS-frozen- 
globular phase and random-globular-phase occurs as a conformational transi- 
tion within few dominant folds. This unusual behavior and limiting case occurs 
naturally at finite parameter values for RHPs with chemical crosslinks. 

Let us now turn attention to fig. 2b. Herein Xplory is negative and there is 
no frustration between the energetic microscopic heterogeneity and the propen- 
sity of crosslink formation. Only two phases are observed here the random- 
globular-phase, and the frozen-random-globular phase. At larger temperatures, 
larger values of Qab are required to freeze as expected. In fig. 3 a we explore 




Fig. 3 Frozen phase analysis of RHPs with composition specific and annealed 
crosslinks. 3a - 1=1, ^^^=0, aab=^, p=L, vo=0.8, T=0.3; 3b - 1=1, aofl=0, a^6=0, 
aab~2.5, p=L, vo=0.8, T=0.3; 3c - 1=1, aaa=0, a/,/,=0, p=L, vq=0.8, T=0.3, f=0.5 
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the explicit dependence of Xf on the fraction of A segments. At large sequence 
fluctuations spatial segregation of micro-domains readily occurs. Thus freez- 
ing occurs at large enough Xf with domain structure, and at very negative Xf 
values with no domain structure. The Xf region between these two extremes 
(the dark background region), is a random-globular-phase wherein many chain 
conformations are available. Fig. 3b has a higher value for the propensity for 
heterogeneous crosslink formation measured by Oab- The phase diagram pre- 
sented in fig. 3b is shifted upwards relative to fig. 3b; larger yp are required 
to freeze and counteract the mixing propensity due to heterogeneous crosslink 
formation. Note also the interesting inverted region which occurs at the bottom 
of the graph, and not predicted heretofore for any RHP system. 

Lets look along the zero Xfhry line. Under such conditions no freezing can 
occur due to energetic interactions. However at large enough sequence fluc- 
tuations the segments can spatially mix and crosslink leading to a few dom- 
inant folds. The form of this phase diagram is indeed inverted and the tran- 
sition is between a random-globular phase to frozen-random-globular phase 
and again to random-globular-phase. Fig. 3c is a phase diagram analysis in 
the Xf generalized activity and Oab space at fixed fraction of A segments. Un- 
der these circumstances both vertical (fixed Xf) and horizontal (fixed Uab) re- 
entrant transitions occur. In fig. 4a the Xf dependence on temperature at zero 




Fig. 4 Frozen phase analysis of RHPs with composition specific and annealed 
crosslinks. 4a - 1=1, ^0^=0, a/,6=0, p=L, vo=0.8, f=0.5; 4b - 1=1, aao=0, a/,^,=0, 
aa/,=2.3, p=L, vo=0.8, T=0.3 



crosslinks is presented. No re-entrant transition along the horizontal axis is ob- 
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served here as there insufficient heterogeneous crosslinks to induce freezing 
at a vanishing Xf ; thus it is not possible to reduce the total number of folds 
to few dominant ones that lack domain structure at high T’s and positive 
However a re-entrant transition along the vertical axis (fixed xr) is expected as 
for sufficiently large absolute values of Xf segregation or significant mixing of 
the composition profiles will occur. In fig. 4b the propensity of heterogeneous 
crosslinks is large, and the re-entrant transition along the horizontal axis occurs 
here (the transition points are marked by the two rectangles bounding the hor- 
izontal double headed arrow). Let us now turn attention to the phase diagram 



fi*. Vj 




Fig. 5 Frozen phase analysis of RHPs with composition specific and quenched 
crosslinks ; fig. 5a - Results for 1=1, jUaa^O, //z,^=0, jUab^O.Ol, p=l., vo=0.2, T=0.2 ; 
fig. 5b - Results for l=l,//oa=0,//66=0,//a^=0.01, p=l., vo=0.2, Xf=- 8. ; fig. 5c - Re- 
sults for \=\,flaa=0yJUbb=^0,Mab=0.0\, p=l., vo=0.2, Xf=4. 



analysis for RHPs with chemical crosslinks. In fig. 5a we depict as a func- 
tion of the fraction of A segments at a small value of heterogeneous chemical 
crosslinks. For small enough values of the crosslinked RHP are found in 
the random-globular-phase wherein many chain conformation are available; a 
further increase in the %f value, and the chain enters the frozen-globular-phase 
wherein a few dominant folds occur, which are characterized by weak segre- 
gated domain formation (viz. thin solid line in fig. 5a). At even larger values 
the micro-domain regime becomes sharper and a significant domain reorgani- 
zation wherein the heterogeneous crosslinks located themselves in the vicinity 
of the micro-domain interfaces; the interfacial region is not sharp enough to 
orient the heterogeneous crosslinks toward the favorable domain. This transi- 
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tion is continuous, as the order parameter changes continuously from one phase 
to another (viz. [30]). The transition line is depicted here by the thick line in fig. 
5a. At a even larger %f the micro-domain interfacial region becomes sharper 
expectedly of the order of the crosslink size. Under these circumstances we 
expect that positioning the heterogeneous crosslinks at the interface as an en- 
tropic constraint significantly lowers the interfacial free energy and provide nu- 
cleation centers for inter-domain interfaces. This sudden drop in the interfacial 
free energy allows formation of a large quantity of interface and leads to the 
formation of a large number of smaller micro-domains bounded by crosslinks. 
Our numerical calculation shows that the occurrence of this conformational 
organization within the frozen phase occurs by a first order phase transition. 
This is clearly the case since the order parameter ^ presents a discontinuity at 
the transition threshold. These conformational transitions occur for chemical 
crosslinks within few dominant folds. 

Fig. 5b depicts the scenario of %f is negative, and also Gab differs from 
zero. There is no energetic-crosslinks induced fiustration here, and one tran- 
sition between random-globular phase to sequence-frozen globular phase is 
observed. Fig. 5c depicts the temperature dependence on the jfraction of A seg- 
ments f at positive inter-segment interaction dissimilarities and fla^=0.01. Two 
conformational transitions occur here within few RHP globular folds but the 
order of occurrence is inverse compared with fig. 7a. By temperature increase 
we pass the crosslink-frozen-globular phase, mixed-frozen-globular phase, and 
the sequence-frozen-globular phase all the way toward the random-globule 
wherein many chain conformations are being sampled. 

5. Liquid crystalline disordered heteropolymers 

Below we review of recent theoretical, computational and experimental pro- 
gress attained in understanding orientational ordering in homopolymer, alter- 
nating mesogen/flexible, and disordered LCPs. Liquid crystalline homopoly- 
mers were studied by lattice models, analytical variational methods and also by 
field theoretic methods. Flory and co. [35] used lattice models with some suc- 
cess to study phase separation in LCPs. A variational approach based on On- 
sager [36] and Mayer and Saupe [37] developments in liquid crystals (LC’s), 
was also employed to study LCP’s for several mechanisms of chain flexibility 
and anisotropic interaction potentials [38]; Onsager approach was also em- 
ployed in conjunction with lattice models to correct for artifacts [39] in phase 
predictions by lattice models. The effect of an external alignment field on sin- 
gle chain properties was also investigated [40]. 

Few studies attempted to bridge predictions of analytical theories, ma- 
trix based computational methods [41], and computer simulations [42], [43] 
of LCP’s. Using a united atom approach that employs the Amber code po- 
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tential (LJ, rotational potential, Coulombic and harmonic bonds) Jung et al. 
[41] computed the effective chain persistence length and compared with pre- 
dictions from the rotational isomeric state model. Based on Onsager theory, 
Zheng et al. [44] studied nematic ordering in many-chain nematic polymers 
with anisotropic interactions and compared with Khokhlov and Semenov (KS) 
approach [45]. 

More recently, a field theoretic formalism of many chain LCP’s based on 
a microscopic Hamiltonian was proposed by Gupta and Edwards (GE) [57]. 
In GE calculation a microscopic formulation of the interactions is employed, 
and a non-perturbative solution of the free energy was obtained in limit of 
long chains, and the phase diagram elucidated. The GE approach was also 
employed to study orientational ordering in semi-flexible homopolymers em- 
bedded in flexible surfaces [46]; the field theoretic formalism is perhaps the 
most promising for quantitative comparison with experiments. 

Sequence disordered LCPs received notable experimental attention and 
novel properties not present in liquid crystalline homopolymers, were pre- 
dicted, few summarized below. Baharadwaj et al. [47] studied Vectra, i.e. a 
disordered liquid crystalline polymer made of aromatic co-polyesters of p- 
hydroxybenzoic acid (HBA) and 2-hydroxy 6-naphtoic acid HNA, 70/30 HBA/- 
HNA, by NPT ensemble simulation of 12 chains, 10 monomeric units each. In 
nematic LC state the chains were extended (RMS measured in orthorombic 
cell). At 298^ ester groups were shown to line up in register despite the pres- 
ence of chemical disorder. Butzbach et al. studied [48] the structure formation 
and registry in long, sequence disordered LCP of HBA(stifi)-HNA(filexible) 
with the N/I transition at 300 C. Unit lengths of HBA were 6.35 A and of 
HNA, 8.37 A. In melt state an increase in registry was also inferred by width 
of meridional reflections. A detailed calculations of scaling lengths, Kuhn seg- 
ment length. Coo and persistence length of two letter LCPs with A segments stiff 
and B segments flexible was performed by Rutledge et al. [49], while Percek 
et al. [50] studied the even-odd effects in MBPE - methylene (17, 18, 19, 20) 
alternating ordered polymers made of stiff and flexible units. The even-odd 
effect is associated with large zigzag jumps in 7 /a^ with change in size of the 
flexible spacers. In the present case maximum zig-zag gap found was to be 

120^. This effect was shown to decrease with increasing length of flexible 
units. Thermotropic alternating polyesters, were studied by Blumstein et al. 
[51]; in their studies a first order N/I transition and a decrease in the even-odd 
effect with molecular weight was observed. 

Finally Stupp et al. [52, 53] focused on ordering in alternating and se- 
quence - disordered LCP. For the sequence disordered LCPs, optical mesopha- 
ses were observed in a large temperature window ~ 120®, and these finding 
were attributed to sequence-disorder effects and finite chain effects. While ex- 
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perimental knowledge on conformational orientational organization has accu- 
mulated, an understanding and study of these phenomena by theory is incipi- 
ent; one theoretical study predicted that sequence disorder effects on ordering 
diminish with increase in chain length; this results was shown to be correct 
in sequence disordered LCP’s with irrelevant dissimilarity in stiffness of dis- 
parate segments [54]. In order to set up a more general theoretical framework 
for providing with an understanding of the rich physics displayed in exper- 
iments for sequence disordered LCP’s, we construct a field theory of LCPs 
made of stiff mesogens and flexible spacers randomly distributed on the chain. 
Our model is an adequate description of scenarios in which one segment is stiff 
and the other is flexible which is the case in many disordered LCP’s synthe- 
sized [55]. 



6. Model Development for DLCPs 

The microscopic Hamiltonian for a solution of many-chain sequence disor- 
dered LCP’s made of mesogenic segments (A’s) and flexible segments (B’s) is 
given by: 



«=s/ ((^^) (^) 

J dnj8(r{ni)-r{nj)) (20) 



r{rii) is the spatial location of the /I’th segment of the i’th chain, u(az/) is the 
chain tangent at rii for the i’th chain and 0(«/) is the chemical composition 
variable of the «/’th segment on the i’th chain. 0(«/) == 1 for an A segment and 
Q{ni) = - 1 for a B segment. The sequence heterogeneity, represented by fluc- 
tuations in the segment composition along the chain contour obeys a Gaussian 
process with mean, < 0 >=2f - 1, 60 = 0(n/)- < 0 >, and sequence fluctu- 
ations 80^ =< (80(az/)50(az')) >= 5(«/ - n'j)4f{l - f)l [56]; f is the fraction 
of A segments, and 1 is the statistical segment length. The first term in eq. 20 
represents the nearest-neighbors harmonic interaction potential of flexible seg- 
ments of type B, while the second term in eq. 20 is the bending potential of the 
stiff units, A’s. The third term in eq. 20 represents the pair anisotropic poten- 
tial (viz. also [57]) responsible for alignment of stiff A-A pairs; this energetic 
penalty is zero for 100 % aligned tangents of A segments adjacent in space, and 
w for normal tangents. The A-A anisotropic interaction potential, w, contains 
athermal interactions due to anisotropic hard core potential and also thermo- 
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tropic contributions due to soft-core dispersion forces [57]. A schematic de- 
scription of a many-chain sequence disordered LCP snapshot with interactions 
among mesogen segments emphasized by line contour is displayed in fig. 6. 
The fourth term in eq. 20, is the excluded volume inter-segment interactions. 




Fig. 6 A solution of many-chain sequence disordered LCP 



The Hamiltonian of eq. 20 is a rigorous description of the physical system, 
and accounts for microscopic connectivity, flexibility, mesogenity mechanisms 
and mesogen alignment in a disordered ensemble of chains; this Hamiltonian 
provide a description of mesoscopic and macroscopic orientational ordering 
which goes far beyond simple thermodynamical arguments. 

The partition function of an ensemble of sequenced disordered LCPs is 
given by: 



Z[Q{ni),u{rii)] = j j YlDui{ni)exp[H{u{ni),Q{ni))] (21) 



In order to make progress toward an analytical solution we re-express eq. 20 
in a more compact form with tensor fields: 







l-0(«,)^ 3 , 



21 



«"(«/) + 



l+ 0 (/i,)\ pe 2 



(«<•) ) dni 



with 



I *[d''(r)a"(r) - d'^(r)d^'(r)] + ^ drp{rf (22) 

p(r) = X / drtk?>{r-r{nk )) ; 

= X S(r-r(«*))u;[(nA)ui(«*) 



(23) 
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where Einstein summation notation is employed. The partition function is ex- 
pressed with continuous orientational tensors by imposing appropriate delta 
function constraints, while the fluctuations in the magnitude of the chain direc- 
tor of the stiff segments are constrained globally (viz. [57], [58]). The partition 
function at fixed sequence is given by: 



Z[0(n,),u(n,)] = 

/ j[I{^iini)^<^{r)]exp{H[d{r),Q{ni)]) (24) 

— /i/,r 

n8Wr)-6(r)]6|u(»,fil±|M_ i| 



n,-,r 



The delta function constraints in eq. 25 are now expressed with auxiliary fields. 




d(r) is given in eq. 1; \|/(r) are fields auxiliary to a(r). 

The orientational global constraint on the magnitude of the segment tan- 
gents of the stiff segments sets the average magnitude of the tangent of the 
stiff segments to 1 for each chain i, via the auxiliary fields X,- (viz. [58] for 
further details). 

J Hc/X/exp J dni[u{rii)^ ^ 26 ) 

The statistical mechanical problem expressed with the Hamiltonian in eq. 20 
can also be viewed as a quantum problem expressed with the imaginary time 
action functional, i.e. f = n, and Lim{n). Quenched average over the 

sequence dependent free energy must be performed over all sequence real- 
izations of the LCP. In order to carry the averaging procedure efficiently, the 
action fimctional is expressed by sequence fluctuations 86(n) dependent terms 
and average < 6 > terms; 

X/m = 'LiSdrii (-Au^(ni) - u(n,) • h(r(n,)) • u(«/)) 

(Cu2(n,) + u(n,) • S(r(/t,)) • u(n,)) 

-fdr^ (fr[a(r) : a(r)] - 7’r(o(r))2) -H7*\ir(r) ; o(r) 

+iliXiU (27) 

with 



h(r(«,)) = I 



3(1-6) 

4/ 



-I- 



jX( 1-1-0) 



-t- 



'•(1 + 0 ) 



v(r(«,)); 



2 



2 
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S(r(«,)) = I +'¥(«•(«.)) : 

,_Pe(H-0)^_Pe. , (1+e) 

A- - c--,k--^ 

I is the identity matrix. The partition function is now given by; 



(28) 



z= ,)Do(r)D\|/(r) f|^/A,,•exp[Z,,■;„ (a(r) , \|/(r), 0(«/) , u,(n,) )] (29) 

— n„r i 

The average of the log (Z) is performed non-pertubatively with the replica trick 
[59]. This trick implies that all fields are replicated and couple to the quenched 
sequence realization [50(«,)|. m-replicas are introduced and the free energy 
is averaged over all realization of the Gaussian sequence disorder distribution 
with 50^ =< (80(n,)60(/ip) >=6(n, — ny)4/(l — /)/. 

Below, the effective disorder-averaged action functional, is expressed with 
the principal axis representation of the average tensor fields \(r and a. In that 
representation the tensor fields and a'-' become diagonal, i.e. a'j Ga and 



/,P p \ a OL > 

- j dr^^[Tr[c^ : o^] - {Tr{o^)^)] + i^ j ^/rP\|/^ : o^ + i^T^^Lk (30) 

The disorder averaged Lagrangian is no longer local in replica indexes but is 
still local in chain index. Thus the partition function can be exactly written as: 

Z = j j Dfieidsexp{Mlog{Lirn-sc\fields]))exp{Li^^^ (31) 



where sc stands for single-chain-index, and nci for not-dependent-on-chain- 
index. 

It is easy to see that a normal mode representation of eq. 30 ([57]) presents 
computational complications in doing conformational and orientational aver- 
ages in Limsc- The Rouse modes couple and exact summation of the Rouse 
modes, i.e. the crux of the non-perturbative solution in the homopolymer ne- 
matogen problem [57], cannot be efficiently carried out for sequence-disordered 
TCP’s. 
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Next we shift the partition function in eq. 25 to a Hamiltonian represen- 
tation. For computational convenience, we exchange the Lagrangian with a 
Hamiltonian representation [60]. 

After some tedious algebra we derive the imaginary time Hamiltonian: 

Hsc= + 2p.a hM? + S (Ip(PW 

+ W (lp(P^)'aa,T52.(g2.)2) +Ip(I„,,52,(?2,)2(pP)2)) 

/4c- - -Xp/^/rpf [rr[aP ; aP] - (rKoP)^)] + 

/Ip/*PvP:aP (32) 

with 

_ 3(1-0) .(l+0)(^ + i,;«) 

Aa--^y— +* 2 

Sa^-^ + iX^ + V) (33) 

where pP, and qP are the canonical “momentum” and “spatial coordinates” of 
the P copy of the system. The eq. above is the Hamiltonian rotated to a princi- 
pal axis representation of the orientational tensors. Next the replica symmetric 
free energy is computed in the Hamiltonian reference frame; 

^re/ = X(- + ^«?a) 

, _ 3(1-0) , (l + 0)(A, + v„) 

Sa = -^ + (X+xif) (34) 

in eq. 32, we made the substitutions: ik —>■ X and /Va Va to obtain ha and 
Sa in eq. 34. Based on eq. 34, creation/annihilation operators, (a"*", a) and their 
components (aj,fla) are introduced: 



Oa + a+ . ! 



m — 2A C0(x — i~^)^ • [^a>^p] — ^a,p 
; apl«a >= v/«plna- 1 > 5a, p ; a^\ria >= y^«p+l|«a+l > 8a, p ; 
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Jl |«a >= |n > ; a = H "« ’ II "«l" \/^V^\/^in - 1 > 

a=l,3 a=l,3 a=l,3 

j a^|n >= y/ft\ -\-\'\/n2-\- > (35) 



Using these commutation relations for long chains, i.e. ^/L « 1 we derive 
orientational averages in the free energy in the ground state |0 >. In the limit 
of long chains the ground state calculation is exact and reproduces precisely 
in the limit of f— >1 the many chain stiff LCPs [57]; using the commutation 
relations for creation-annihilation components we obtain: 



< >=< ^ («« -2a«4 + 1 >= 



m(0o 



m(Oa 



(36) 



2 ^ 

<P 

a 



In a similar way it can be shown that: 



<q'>=-I^ 

a 2m®a 



(37) 



(38) 



Let us now derive more complicated averages such as ! first 

the sum may be separated by components: 



- 144 + I SaqiWp (39) 

a P a a^P 



Let US now calculate all terms involving product of four operators, involve 
averages of 16 products of creation/annihilation operators. Substituting the op- 
erator form of qa in and doing the averages only 2 terms have non-zero 
averages: 



The final result for the orientational averages in eq. 6 is: 






(40) 



(41) 



In the computation of < XaCPa)"* >, five of the 16 terms have non-zero aver- 
ages: 



< >= 



(^)2 < ala+^ + ^aaa^aaa^~2aa.a+-2aaa+ -I- 1 > 



(42) 
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for the < IaPa9«5^ > we obtain: 

< ^PWafa >= 5 < - 4aa«JflaaJ + 2aa«J + 2aaoJ - 1 >= 

a 

\Si (43) 

while for < la^^a-^a 

< X^a/’a'^a >= ? < ^ “ ^Oaa+aaa+ + 2aaa+ + 2uaa+ - 1 > 

a 

la\Si (44) 

The power of the creation/annihilation formalism is in its simplicity which 
makes the method convenient to use by comparison with tedious orientational 
averages of high moments performed in the path integral formalism. Using 
equations 32-44 after some lengthy algebra the free energy per segment is 
obtained in a compact form: 



^ X(t)' + ^ 



32A^' 



y '^g 

64/1 t^g 



^ i ( 7 KX - X - X Vg<Jg) 

r ^ a a a 



(45) 



First we note three self-consistent relations among conjugate fields V|/a and Ca 
obtained by minimizing the free energy with respect to CTq fields: 

Vg = ^X ‘ ^ (46) 

a 



and the sum rule in Einstein notation a" = p^. Using eq. 46, the free energy 
can be expressed solely with the fields t|fa- The free energy expressed by Yg 
has a simpler convenient form and is the one used in the present work: 

F= f™ + {2.(^)5 + ilX.*a + Sl<.Sa-lla|-W + 

(47) 

with ha and 5a given in eq. 34. 

Now, we seek saddle point equations for the free energy; there are seven 
such equations; three of them are given in eq. 46, the other four in concise form 
are: 

CW \|/a 3^A: 0.25k WSa WkS^ 

3142 + pw 64^3 + ^(^)0.5 32Aha 64Ahl 

= 0 ; 

a= 1,2,3 



(48) 
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and 



3CS9^ 95Q^ „ / 0.25A: 

32^2 64^3 ^„^^2 3l^^(k)0.5 



6e2^« m^sj\ 

32Aha 64Ahl J 



(49) 



3C682 9502A: „ / 0.25/t 

32^2 



^ 8^\_ 

32Aha 64Ahl J 



(50) 



p is the segment density; The principal axis representation of is: 



a'2 = 



a-b 0 0 

0 a + b 0 
0 0 2a 



(51) 



For uniaxial ordering the orientational order parameter, < 5" >, is given 
by<5>=^.l> <,y> > 0 signals uniaxial nematic ordering while 

-0.5 < < S> <0 signals discotic ordering. In Einstein notation, in the 

isotropic phase, a"(r) = p/i(r), otherwise, o"(r) ^ p,^(r). The homopolymer 
limit of the free energy, i.e. f=l in eq. 45, reproduces exactly the GE free energy 
of a many-chains LCPs obtained by non-perturbative summation of polymer 
Rouse modes, (viz. eq. 32 in [57]), and the minimal value for uniaxial ordering, 
< S >=0.25, obtained analytically in [57]), is reproduced herein. 



7. Phase diagram analysis for DLCPs 

Lets us turn attention to details of numerical solution. Unconstrained direct 
iteration [61] of principal axis of the fields Va with a = 1,2,3 and X for the 
non-linear self-consistent equations obtained in eq.’s 48 and 49 is performed 
to compute ordering in sequence disordered LCP’s. In order to ensure conver- 
gence we mix consecutive iterations of all fields. An mixing factor of lO"** is 
normally sufficient for robust convergence. The convergence criteria for con- 
secutive iterated fields is 10“®. The direct iteration procedure is first employed 
for small segment densities; the low density solution for the iterated fields is 
then used as starting point for the direct iteration of ordering at a higher den- 
sity. 

This iteration approach works well in computation of order parameter val- 
ues at and above continuous phase transitions; at a first order transition (which 
is the case in the present problem) the discontinuity in the principal axis val- 
ues of the tensor fields \|/“ at the N/I transition leads to a numerical overshoot 
of the critical N/I threshold density ~ 0.2. Thought, the discontinuity in the 
order parameter precludes convergence toward the ordered phase from below 
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the N/I threshold at all values of the iteration mixing factor, once the overshoot 
is spotted, direct iteration is safely carried out backward from higher to lower 
densities, and the N/I transition point is obtained with 1(T^ accuracy; iteration 
from above the N/I density threshold is carried out and robust convergence is 
attained. In all calculations chemical potentials of all solutions are computed 
and only the stable solutions with the lowest chemical potential are displayed 
in figures. 

The numerical study allows to inspect the effects of entropic contributions 
carried by the flexible segments, the entropy loss due to stiffness of the meso- 
genic units, and the energy gain by alignment of stiff segments on orientational 
order parameter < S >, the N/I density threshold and the orientational strength 
at the transition. 




Fig. 7: Numerical results for uniaxial ordering - < S > variation with segment density, 
p and property X, 7a. X=w; f=0.95, Pe =5, 1=8. w values follow from upper to lower 
<S> curves; w=14, 12, 10, 8, 6, 5. 7b. X = Pe e; f=0.95, w=10, 1=8. Pe values follow 
from upper to lower < S> curves; Pe =10, 8, 6, 4. 7c. X = segment length of flexible 
spacers, 1; f=0.95, Pe e=10, w=10. 1 values follow from upper to lower < S> curves; 
1 = 2 , 4 , 6 , 8 , 10 . 

Fig. 7a depicts numerical results for the effects of mesogen/mesogen in- 
teraction alignment strength on ordering at a small fraction of flexible spac- 
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Fig. 8: Numerical results for N/I biphasic width variation with sequence fluctuations, 
502 for /> 0.5; u=0, w=10, Pe=5, 1=8. 
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Fig. 9: N/I phase diagram in 802 p variables for / > 0.5; u=0, w=10, |3e=5, 1=8; squares 
are (f,p/) points, circles are (f,p„) points. 



ers. Numerical stable solutions are displayed for lyotropic orientational order- 
ing. The arrow in fig. 7a indicates the increase in interaction alignment across 
curves. Fig. 7a suggests that the energetic gain from increase in alignment 
strength of stiff segments, increases the overall ordering and shifts the N/I tran- 
sition density threshold to lower values; indeed, stronger alignment energies 
can induce orientational ordering of an entropy-dominated lower-density-state, 
and also increase the overall orientational strength <S> at the N/I transition. 

Fig. 7b depicts the effect of stiffness of the mesogen segments on orienta- 
tional uniaxial ordering. The mesogenic effect on ordering is associated with 
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<s> 




monomer diameter 



low entropy content carried by the mesogen units in comparison with flexi- 
ble segments, and also with the energetic gain from and increase in alignment 
strength with stififliess. These contributions have an associating effect on or- 
dering. Our numerical calculations indicate that an increment in stiffness of 
mesogenic segments increases the overall alignment of segments and shifts 
the orientational ordering threshold to lower values. 

Fig. 7c depicts the effects of entropy associated with the flexible segments 
on local uniaxial ordering at a small sequence disorder values. Flexible seg- 
ments carry a higher entropic content than stiff segments and based on purely 
thermodynamical arguments increase in segment flexibility should decrease 
orientational ordering. 

Unexpectedly, our calculation shows that increase in flexibility increases 
marginally the effect of alignment. This result can be explained on a physical 
basis; the increment in entropy with increase in size of the flexible spacer, is, in 
the present case small since the composition is fixed at a small fraction of flex- 
ible segments. On the other hand changes in flexible spacer size has important 
effects on the interaction energies. For small fractions of flexible segments, the 
chain may be viewed as a stiff chain carrying short, highly flexible regions on 
the chain of contour. The presence of sequence disorder induces occasional 
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random discontinuities in stiffness at the locations of flexible segments among 
two mesogenic chain parts. Locally, this phenomena promotes bending of the 
chain and local alignment of mesogenic runs located on adjacent sides of the 
flexible spacer. The increase in alignment of neighboring mesogenic runs sep- 
arated by a flexible spacer is responsible for the local energetic gain and for 
the marginal increases in overall orientational ordering described in fig. 7d. 

Let us now turn attention to study of phase diagram of DLCP solution and 
comparison with experiment. 

The unit length chosen in all calculation, the monomer hard sphere (tem- 
perature independent) diameter, renders chain microscopic interactions and 
characteristics, 1, L, (3e, w, v, p dimensionless. 

A Maxwell construction is employed (viz. [57]) for the calculation of the 
N/I coexistence region. Free energies and chemical potentials in the vicinity 
of the N/I transition are computed for the isotropic and the nematic phases for 
several fractions of mesogenic segments. A, the N/I coexistence width is given 
by A = Pi — pn\ P/ is the monomer density in the isotropic phase while P;, is 
the monomer density in the nematic phase at coexistence. In fig. 8 numerical 
results for the coexistence width dependence on sequence fluctuations of the 
mesogenic units - 60^(/ > 0.5) defined previously are depicted. 50^ is 0 for a 
semi-flexible homopolymer and maximal at f=0.5. Large sequence fluctuations 
increase the N/I coexistence width significantly, 3 folds that of a semi-flexible 
homopolymer. Fig. 9 depicts the effect of sequence fluctuations on transition 
threshold and coexistence. 

The entropy carried by sequence fluctuation-induced mesophases rich in 
flexible segments destroys the nematic ordering and below a specific fraction 
of mesogen segments (which is density dependent), the nematic phase loses 
stability, while the isotropic phase remains stable. For the parameters values 
of fig. 9 at melt densities, (p = 1), the critical fraction of mesogen segments 
for isotropization is fc~ 0.76. The N/I coexistence width, displayed as the hor- 
izontal distance among an adjacent square (p,) and circle (p„) is small at all 
densities. In the equi-stiff limit defined as the scenario wherein the difference 
in stiffness of A and B segments is negligible, sequence heterogeneity effects 
vanish in the infinite chain limit in agreement with [54]; in many experiments, 
(i.e. (MBPE — {methylene)y with y=17, 18, 20 [62]) one segment is stiff, the 
other is flexible the equi-stiff homopolymer limit does not apply, and the rig- 
orous treatment of anisotropy dissimilarity of A and B segments developed 
herein is crucial. For long chains ( << 1) with significant fluctuations in 

sequence stiffness, the sequence-heterogeneity effect on the N/I biphasic re- 
gion does not vanish, but in most cases is small with a AT 10^ contribution 
to the N/I biphasic width. 

Fig. 10 depicts the three dimensional free energy surface for the disor- 
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dered liquid crystalline heteropolymer computed numerically from eq. 45 at 
arbitrary values of the orientational order parameter <S> (away from equi- 
librium). Below p/ = 0.169 we find a global minima with < 5 >= 0 i.e. the 
isotropic phase. For p > p/ a maxima with positive <S> followed by a meta- 
stable minima i.e. a weakly discotic phase characterized by a small negative 
<S>, appears. Unlike the liquid-gas transition, the meta-stable discotic phase 
persists at all densities leading to unusual domain behavior and influences the 
nucleation during phase separation process. The excess free energy among the 
homogeneous and the phase separated state along the transition state path- 
way, < S >min (p) connecting the coexistence values of p, p/= 0.169 and p„ = 
0.1785 is obtained from the non-equilibrium free energy surface (viz. fig. 10) 
by computing F(< S >min (p), p), where < S >min (p) is the minimum of the 
non-convex F(p). The excess free energy in the meta-stable state found is very 
small i.e. AF(p = 0.1705) = 1.9 * 10“^. The critical domain size from nucle- 
ation theory is given hyR^ — ^. Using for the nematic-isotropic inter-domain 
interfacial free energy y, ~ 4.^ which is typical of hydrophobic-hydrophilic 
polymer mixtures (viz. [64]) and the segment length 1= 1 . * 10”^M (i.e. 1=8 in 
our calculation) yields = 1.7910“^M. The critical domain size predicted is 
in agreement with experimental observations of optical micrographs for meso- 
domain size in disordered liquid crystalline heteropolymers [53]. 
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1. Introduction 

An understanding of protein and biological membrane function requires the re- 
alization that these objects are dynamic. This present survey treats simulation- 
based methods for investigating internal motions in soluble and membrane pro- 
teins and for probing the dynamics of membranes themselves. 

2. Dynamics and Conformationai Change in Proteins 

In the early days of structaral biology the dynamic aspect of function was not 
fully recognized. The resolution at atomic-detail of protein structures using X- 
ray crystallography dates back to the late 1950s.[l] Since then, thousands of 
native protein structures have been solved. The interpretation of how they func- 
tion has been somewhat biased by the limitations inherent in the earlier X-ray 
crystallographic analyzes, which were at the time limited to purely structural 
results. Thus, protein function has been interpreted largely in terms of static 
structures. Taking enzymes (catalytic proteins) as an example, the lock-and- 
key model of enzyme function of Emil Fischer in 1 890 was taken as the model 
for enzyme function. However, this model was found to be inaccurate for a 
number of enzymes, and in 1958, Koshland proposed the idea of an induced fit 
mechanism of substrate binding. In the induced fit model the binding of a sub- 
strate to an enzyme is accompanied by a conformational change that aligns the 
catalytic groups in their correct orientations. The induced fit model has been 
shown to be an accurate representation of substrate binding for many enzymes. 

An essential part of the induced fit model is enzyme flexibility, and it is 
now widely accepted that flexibility is required for catalytic activity [2-6]. In 
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many cases crystallography has provided direct evidence for the existence of 
different enzyme conformations in the presence and absence of substrate [5]. 
Control, catalytic conversion and product release may also require flexibility in 
the protein. However, the relationship between enzyme flexibility and activity 
is not as well understood as the structure-activity relation, and the timescales 
and forms of the functionally-important motions remain poorly characterized. 
The same can be said for the non-catalytic classes of proteins, many of which 
also undergo conformational change accompanying their functions. 

Central to present discussions of the physical basis of protein function the 
fascinating characteristic that the native state of a protein comprises a large 
number of slightly different structures that correspond to local minima in the 
potential energy surface of the system. The presence of these ’conformational 
substates’ in proteins was suggested as a means to explaining the tempera- 
ture dependence of ligand binding to myoglobin [2,7]. Detailed discussions 
of protein conformational substates, with particular reference to myoglobin, 
have been given elsewhere [8-10]. Interconversion between these substates 
may occur if the kinetic energy is sufficient. Transitions among some of these 
substates may be global (collective) or local, and, in principle, either may be 
of biological importance [11]. 

A major challenge for computational and experimental biochemistry is 
to determine the forms and timescales of functional motions in proteins and 
membranes. These motions can be associated with progress along a reaction 
coordinate, and may have a direct effect on the reaction dynamics and/or a 
thermodynamic (potential of mean force) effect. Understanding large-scale 
transitions requires characterization of the end-states and of the pathways be- 
tween them. The end states are often known from X-ray crystallographic ex- 
periments. However, the pathways between the end-states, i.e. the sequence 
of structures accompanying the transition from one stable state to another, are 
difficult to determine experimentally. Computer simulation techniques can in 
principle provide the required information. Using empirical energy functions, 
searches of protein conformational space can be used to determine plausible 
pathways. However, with present-day computer power the sampling obtained 
with standard MD is insufficient if the functional conformational change to be 
studied occurs on a timescale longer than about a nanosecond, as is frequently 
the case. Therefore, specialized techniques are required. Although the devel- 
opment of these techniques is still in its infancy, a number do exist and have 
been used to examine important conformational changes in several proteins 
[10, 12-15]. 

A related question concerns equilibrium protein fluctuations. A variety of 
experiments have demonstrated the existence of a dynamical transition in hy- 
drated proteins at around 180-220 K, characterized by deviation from linearity 
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of the temperature-dependence of the mean-square displacement (m^) [16-29]. 
The protein transition has dynamical aspects in common with the liquid-glass 
transition. For example, as in glass-forming liquids, proteins exhibit diffusive 
motions above the transition and are trapped in harmonic potential wells below. 
Experiments have shown that in several proteins biological function ceases be- 
low the dynamical transition [19, 26, 30]. 

An important physical question concerns the environmental effect on the 
dynamical transition. Molecular dynamics (MD) simulations [31, 32] and neu- 
tron scattering experiments [33] have shown that isolated or dehydrated pro- 
teins present dynamical transition behavior. However, a number of experi- 
ments have indicated that when a protein is solvated the dynamical transition 
is strongly coupled to the solvent [16, 19,20,29,33-37]. Highly viscous sol- 
vents, such as trehalose, suppress d 3 mamical transition behavior [35,38,39], 
and neutron scattering experiments on enzymes in a range of cryosolvents 
showed that the dynamical transition behavior of the protein solution resem- 
bles that of the pure solvent [20, 40-42]. 

The observed solvent coupling leads to the question of whether the dynam- 
ical transition in a solvated protein is controlled by the solvent or whether the 
intrinsic anharmonicity of protein dynamics also plays a role. Computer simu- 
lations can be used to investigate the physical origin of the dynamical transition 
[36, 43, 44]. In this context, an innovative method was used by Vitkup et al to 
probe features of the dynamical transition due to the protein and those due to 
the solvent [45]. The approach consisted of using the Nose-Hoover thermostat 
[46] to set and maintain the protein and its solvent at two different tempera- 
tures. Recently, the work of Vitkup et a/. [45] was complemented with simula- 
tions of hydrated myoglobin performed under varying conditions [47, 48]. The 
results of these simulations confirm the strong influence of the solvent on the 
protein fluctuations and permit reconsideration of the extent that solvent deter- 
mines high-temperature fluctuations. Two main results are seen (i) Low tem- 
perature solvent cages the protein fluctuations, (ii) Heating the solvent while 
keeping the protein cold drives the protein fluctuations to values intermediate 
between those in the fully cold and fully hot systems. The Nose-Hoover results 
thus confirm, in accord with previous studies[20, 45], that solvent strongly in- 
fluences the dynamical transition in proteins. 

In Figure 1 are shown the side-chain fluctuations in MD simulations of hy- 
drated myoglobin as a function of distance from the protein center of mass. 
The dynamical transition is seen to be most pronounced in the outer parts of 
the protein, i.e., those close to the solvent shell - above the transition the outer 
shells exhibit both stronger fluctuations and a larger change in gradient (inset to 
Figure 1) than the inner atoms. The solvent transition drives dynamical transi- 
tion behavior primarily in the side-chain atoms of the external protein regions, 
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Figure 1. Mean-square fluctuations of the protein side-chain heavy atoms for 5 different shells, 
each 4 A thick (except for the inner shell (8 A) and outer shell (6 A)). The inset shows the 
difference in slopes of lines fitted below and above 220 K as a function of distance from the 
protein center of mass. Linear fits to the data above and below 220K are also shown for the 
outermost shell. 



i.e., those closest to the solvent. This dovetails with the recently-proposed 
’’radially-softening” description of protein dynamics, based on MD-simulation 
analysis of quasielastic neutron scattering data, in which it was shown that 
the average dynamical properties of a protein at 300 K vary smoothly with 
increasing distance from the protein core, involving a gradual increase of the 
diffusive amplitudes and a narrowing and shift to shorter (picosecond) times 
of the distribution of diffusive relaxation processes [49]. 



3. Conformational Changes in Protein Complexes 

Also protein complexes can show a dynamic behavior and need dynamics for 
their function. One example of such a complex is the one formed by plasto- 
cyannin and cytochrome /. These two proteins are involved in the electron 
transfer in higher plant photosynthesis. Plastocyanin accepts an electron from 
reduced cytochrome /, and donates an electron to the oxidized form of pho- 
tosystem I. When plastocyanin and cytochrome / are non-invasively cross- 
linked, the resulting covalent complex cannot imdergo the internal electron- 
transfer reaction, which is fast within the electrostatic complex [50,51]. The 
unreactivity of the crosslinked complex was taken as evidence that the two pro- 
teins dock and react with each other in different configurations [51]. This pre- 
diction and this analysis were nicely corroborated by subsequent publication 
of the structure of cytochrome /[52], which showed that the positively-charged 
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patch and the heme are relatively far apart. 

The reaction of plastocyanin and cytochrome / involves the association 
and a subsequent electron-transfer reaction. 

pc (II) -h cytf(II) pc (II) /cytf(II) ^ pc (I) /cytf(III) (1) 

The Roman numerals are the oxidation states of copper and iron, and the slant 
represents the diprotein complex. We simulated the association of plastocyanin 
and cytochrome / by a Monte Carlo simulation[53]. The obtained complexes 
were clustered into six different groups. One representative out of each family 
was subject to a molecular dynamics simulation in order to relax side chains 
and to remove conformational strain. The energy and the relative electronic 
coupling of each of the resulting complex structures was calculated using the 
Poisson-Boltzmann equation and the Pathways model, respectively. The most 
stable structure and the structure with the highest relative electronic coupling 
were not identical. This finding is in agreement with proposal from Qin and 
Kostic[51] that a rearrangement is required prior to the electron transfer. A 
subsequent NMR study of the association of plastocyanin and cytochrome / 
by Marcellus Ubbink et al.[54] supported this idea further. 

Another well-studied example of a dynamic protein complex is the com- 
plex formed by plastocyanin and cytochrome c. These two proteins from an 
electron transfer active complex under in vitro conditions. Since the two pro- 
teins are very well characterized, structurally and functionally, and these pro- 
teins are easy to handle, the electron transfer complex formed by these two 
proteins was deeply investigated. The plastocyanin-cytochrome c complex can 
serve as a model for many other electron transfer complexes. The electron 
transfer reaction can be described as a multi-step reaction. In the first step the 
two proteins encounter and form a complex. Than the actual electron transfer 
reaction takes place. Finally the two proteins separate. 

The iron in cytochrome c can be substituted by zinc or tin without per- 
turbing the protein structure nor its association with other proteins [55]. Zinc 
or tin cytochrome c is redox inactive in its ground state (Zncyt). A laser flash 
excites zinc cytochrome c into its triplet state. The triplet zinc cytochrome c 
(^Zncyt) has a fairly negative redox potential (£°=-0.88 V vs. NHE for zinc 
cytochrome c and £°=-0.4 V vs. NHE for tin cytochrome c) and can easily 
reduce oxidized plastocyanin[55, 56]. This radical is rereduced by the reduced 
plastocyanin and recombines to the ground state of zinc cytochrome c. The 
possibility to study photoinduced electron transfer reaction enables to separate 
the dynamic motion that is associated with the association process, i.e., the 
docking dynamics (bimolecular rate constant), from the dynamics that is asso- 
ciated with the dynamic within the complex immediately prior to the electron 
transfer (unimolecular rate constant). 
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Figure 2. Rearrangement in the plastocyanin-cytochrome c complex. The two proteins asso- 
ciate in an electron transfer inactive orientation and rearrange transiently to a orientation that is 
more favorable for electron transfer. The figure shows a structural model of this rearrangement 
process. 



Plastocyanin and cytochrome c can be non-invasively cross-linked by car- 
bodiimids which introduce an amid bond between the carboxyl group of as- 
partates and glutamates and the amine groups of lysines. While the electron 
transfer is fast within the complex that results from electrostatic association 
(^et=1300 s“*), it becomes undetectably slow in the covalently-crosslinked 
complex {k^i < 0.2 s~^). When c)^ochrome c is replaced by zinc cytochrome c, 
the electron transfer reaction in the electrostatic complex and in the covalent 
complex is accelerated. Nevertheless, the electron transfer in the covalent com- 
plex (^f=2.2 X 10"^ s“*) is slower than in the electrostatic complex {k^=2.5 x 10^ 
s~^). This finding led to the suggestion that the initial docking orientation, 
which is most likely similar to the crosslinked orientation, is not the reac- 
tive orientation [56-59] which was corroborated by a theoretical study[60]. It 
was suggested that a rearrangement from an initial docking orientation to a 
reactive orientation takes place in the plastocyanin cytochrome c complex. In 
order to probe this hypothesis, the viscosity dependence of the electron trans- 
fer reaction between zinc cytochrome c and plastocyanin in the electrostatic 
complex was investigated[56, 59]. In this reaction, a biphasic behavior is ex- 
pected. The slower phase describes the association of the two proteins, while 
the faster phase describes the electron transfer within the formed diprotein 
complex. If the initial, most-stable orientation would be the same as the reac- 
tive orientation, only the slower reaction rate should depend on the viscosity of 
the medium. It was, however, observed that both reaction rates depend on the 
viscosity of the medium. The electron transfer rate in the crosslinked complex 
was, however, independent of the viscosity of the medium. The unimolecular 
electron transfer rate in the electrostatic complex approaches the electron trans- 
fer rate of the cross-linked complex in the limit of high viscosity[56, 59]. The 
same behavior can be observed in the reaction with Tin cytochrome c. Despite 
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the different driving force for the electron transfer reaction, the reaction rate in 
the Tin cytochrome c-plastocyanin complex is virtually identical to that of the 
zinc cytochrome c-plastocyanin complex. Thus the reaction rate is independent 
of the driving force of the electron transfer reaction. Consequently, the rate de- 
termining step is not the electron transfer reaction. The reaction is gated by 
another process. These findings strongly support the idea that a rearrangement 
from the initial binding orientation to the electron transfer orientation takes 
place and that the initial binding orientation is very similar to the crosslinked 
orientation. Based on electrostatic[61] and electron transfer pathway calcula- 
tions[60], we proposed a structural model the initial and the reactive complex 
which is given in Figure 2. 

Theoretical studies led to experiments to probe the type of rearrangement 
and to investigate the rearrangement pathway. Several mutants that involve 
residues in the lower or in the upper acidic patch were constructed for that 
goal[62, 63]. It was found that residues closer to the copper binding site, i. e., 
in the upper acidic patch, influence the rate of rearrangement, while residues 
remote from the the copper binding site do not. This finding was confirmed 
by studies that involve the temperature dependence of the rate of rearrange- 
ment[64, 65] and activation barrier measurements[66, 67]. Also a NMR study 
[68] on the diprotein complex confirmed the high degree of flexibility and 
indicated a rearrangement from the acidic towards the hydrophobic patch as 
depicted in Figure 2. 

4. Coupling between Conformational and Protonation State 
Changes in Membrane Proteins 

Many membrane proteins are involved in electron and proton transfer reac- 
tions across a membrane[69]. Protonatable groups play a prominent role in 
these reactions, because they can either function as proton acceptor or donor 
in proton transfer reactions or influence the redox potential of adjacent redox- 
active groups. The titration behavior of protonatable groups in proteins can 
often considerably deviate from the behavior of isolated compounds in aque- 
ous solution. This deviation is caused by interactions of the protonatable group 
with other charges in the protein and also by changes in the dielectric envi- 
ronment of the titratable group when the group is transferred from aqueous 
solution into the protein [70-73]. The situation can be even more complicated. 
Because the charge of protonable residues depends on pH, also their interaction 
is pH-dependent, which can lead to titration curves that can not be described 
by normal sigmoidal titration curves[74, 75]. 

The photosynthetic reaction center (RC) is the membrane protein com- 
plex that performs the initial steps of conversion of light energy into electro- 
chemical energy [76, 77] by coupling electron transfer reactions to proton trans- 
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fer. The bacterial RC of Rb, sphaeroides is composed of three subunits: L, M 
and H. The L and M subunits have pseudo-two-fold symmetry. Both the L 
and M subunits consist of five transmembrane helices. The H subunit caps 
the RC on the cytoplasmic side and possesses a single N-terminal transmem- 
brane helix. The RC binds several cofactors: a bacteriochlorophyll dimer, two 
monomeric bacteriochlorophylls, two bacteriopheophytins, two quinones, a 
non-heme iron and a carotenoid. The non-heme iron lies between the two 
quinone molecules. The primary electron donor, a bacteriochlorophyll dimer 
called the special pair, is located near the periplasmic surface of the complex, 
and the terminal electron acceptor, a quinone called Qb is located near the cy- 
toplasmic side. While Qa is a one-electron acceptor and does not protonate 
directly, Qb accepts two electrons and two protons to form the reduced QbH 2 
molecule. The first reductions of Qa and of Qb are accompanied by pKa shifts 
of residues that interact with the semiquinone species [78]. The reductions in- 
duce substochiometric proton uptake by the protein. [79-81] The number of 
protons taken up by the protein upon reduction of the quinones is an observ- 
able which is directly dependent on the energetics of the system and intimately 
coupled to the thermodynamics of the electron transfer process between the 
states QaQb and QaQb • The pH-dependence of the proton uptake associated 
with the formation of Q^ and Qq in wild type RCs have been determined for 
Rb, sphaeroides and Rb. capsulatus [82-85]. Using X-ray structural analysis, 
it has been shown that a major conformational difference exists between the 
RC handled in the dark (the ground state) or under illumination (the charge- 
separated state) [86]. The main difference between the two structures concerns 
Qb itself, which was found in two different positions about 4.5 A apart. In the 
dark-adapted state in which Qb is oxidized, Qb is found mainly in the distal 
position and only a small percentage in the proximal position. Under illumina- 
tion, i.e., when Qb is reduced, Qb is seen only in the proximal position. The 
crystal was grown at pH=8 [87]. The reaction center structures with proximal 
or distal Qb are called and respectively [88]. The proton uptake 

upon the first Qb reduction and the pH-dependent conformational equilibrium 
between RCP^^^ and RC^'®^ are shown in Figures 3 and 4, respectively. 

By continuum electrostatic calculations, we investigated the pH-depen- 
dence of the proton uptake associated with the reduction of Qb [89] The two 
experimentally-observed conformations of the RC were considered: with Qb 
bound in the proximal or the distal binding site. Comparing the calculated 
and experimental pH-dependence of the proton uptake revealed that a pH- 
dependent conformational transition is required to reproduce the experimen- 
tal proton uptake curve (Figure 4). Neither the individual conformations nor 
a static mixture of the two conformations with a pH-independent population 
are capable to reproduce the experimental proton uptake profile. We presented 
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Figure 3. pH dependence of the proton uptake upon Qb reduction. The symbols in the diagram 
show the experimentally-determined proton uptake. The line shows a proton uptake calculated 
by electrostatic calculations using a model that takes conformational transition between the two 
different reaction center positions and into account. 



a new picture[89] in which the position of Qb depends not only on the redox 
state of Qb, but also on pH. This prediction will now be studied experimentally 
by X-ray crystallography at different pH values. 

5. Effects of Peptides and Sterols on Membrane Dynamics 

Of particular importance in biology is the effect on the membrane structure 
and dynamics of interacting molecules, such as peptides and sterols. In recent 
work gramicidin S, [cyclo-(Leu-D-Phe-Pro-Val-Om) 2 , (GS)] a cyclic decapep- 
tide (Figure 5) that is particularly suitable for pursuing peptide membrane MD 




Figure 4. Conformational Equilibrium between RCP”^^ and structures. The population 
of Rcprox shown for oxidized (dashed line) and reduced (solid line) Qb depends on pH. In the 
neutral pH range, both conformations are populated. 
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Figure 5. Gramicidin S 

studies, was examined in interaction with a DMPC membrane. The sequence 
and structure of the peptide are relatively simple. NMR, X-ray and MD stud- 
ies indicate that the backbone adopts an antiparallel P-sheet with two Type IF 
P-tums in various solutions of different polarity and in the crystalline form 
[90-92]. One consequence of this is that the GS structure is amphipathic, with 
the hydrophobic side chains on one side of the molecule and the hydrophilic 
ones on the other, and this provides a logical geometry for interaction with a 
lipid membrane, with the polar side of GS at the lipidiwater interface and the 
nonpolar side interacting with the lipid tails. Considerable experimental evi- 
dence exists that this is indeed the case and a variety of biophysical studies on 
the interaction of GS with model lipid membranes have confirmed that it inter- 
acts primarily with the headgroup and interfacial polar/apolar regions [93-96]. 
Also of interest is that GS has antibiotic action via membrane ion permeability 
change [97, 98]. 

Although a complete description of GS ion permeability is probably be- 
yond the capability of present-day simulation methods, information on how 
GS interacts with and perturbs lipid bilayers under simple controlled condi- 
tions may be obtained in this way. In initial simulation work we performed a 
5 ns MD calculation of GS in DMSO solution, enabling detailed comparison 
with NMR results in the same solvent [92]. Here we report on results on the 
interaction of GS with a hydrated DMPC membrane bilayer. 

Two MD simulations were performed, one of GS in interaction with a hy- 
drated DMPC bilayer and a ’control’ simulation of a hydrated DMPC bilayer 
in the absence of GS. The control simulation was used to check the validity 
of the simulation method with respect to spectroscopic and diffraction data, 
and to use for comparison of the lipid molecule structure and dynamics in the 




495 



• • • 


• 


♦ 

0^0 




* 0 


° ° o 0 • 


o 


0 

o 




0 


m u 

■ ■ ” 0 




^ Fr«e 


“ " n " " - . 

□ 


„ o control 




* Bound 


□ ° 


Q Experiment 


Ll 



2 4 B S 10 12 14 



Carbon number 



Figure 6. Molecular order parameter (Smoi = -2Sqd) averaged between the chains sn-1 and 
sn-2 of DMPC: ’’free” lipids (•); control simulation (o); ’’bound” lipids (■) and derived from 
NMR quadrupole splitting experiments on fully-deuterated multilamellar dispersions of DMPC 
doped with GS (□) [94] 

presence and absence of GS. Detailed results will be described elsewhere. 

During NVE equilibration GS diffused into the bilayer, with its center of 
mass 3-4 A deeper into the hydrophobic core than at the beginning of the equi- 
libration. After about 1 ns of NVE equilibration the GS molecule regained 
its initial membrane/water interfacial position with the backbone and mem- 
brane planes parallel to each other. During the 3.0 ns NPT production dynam- 
ics the average position of GS relative to the membrane remained practically 
unchanged. 

Nine lipids from the GS-containing layer have average interaction ener- 
gies greater than ksT, and in what follows these are considered as ’’bound” to 
the GS. The remaining eight GS-layer lipids are ’’free” as are the 21 from the 
non-GS layer. It is of interest to examine whether the ordering of the bound 
lipids is different from that of the free ones. A suitable quantity for this ex- 
amination is the order parameter of the carbon-deuterium bond, Sqd^ defined 
by ScD = (1/2(3 cos^ 0(/) - 1)) where 0(^) is the angle between the carbon- 
deuterium bond vector and the bilayer normal. ”()” means ’time average’. For 
both kinds of lipids, an ensemble average and a time average for the two lipid 
tails was calculated to obtain the molecular order parameter plots (— 25cd) 
in Figure 6. The figure also shows experimental data obtained using NMR 
quadrupole splitting experiments on fully-deuterated multilamellar dispersions 
of DMPC doped with GS at a molar ratio of 1:5.5 at 305 K[94]. The results 
show that the free lipids are more ordered than in the control simulation. The 
bound lipid order parameters are close to the experimental values of Zidovetzki 
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et al[94]. Clearly, the lipids interacting with GS are more disordered. 

A related problem of longstanding interest has been to determine how 
cholesterol and other biologically important sterols, such as lanosterol (the 
evolutionary precursor of cholesterol) and ergosterol, influence the structure 
and dynamics of lipid bilayers. Cholesterol is an essential component and plays 
an important role in eukaryotic plasma cell membranes. Lanosterol is the major 
constituent of prokaryotic cell membranes and ergosterol occurs in the mem- 
branes of some yeast and fungi. An intriguing question concerns elucidating 
which are the particular characteristics of cholesterol, that led to its selection 
through evolution for the eukaryotic plasma membranes, even though its pre- 
cursors are structurally very similar. It has been postulated that evolution has 
selected cholesterol because it optimizes the physical properties of the mem- 
brane [99]. However, it is still unclear which specific parts of this molecule 
provide this optimization. A central question concerns the possible different 
characteristics of the high-frequency motions of these sterols in membranes. 

Although structural aspects of sterols in membranes and especially for 
cholesterol have been investigated so far [100-103], our knowledge of sterol 
dynamics is quite limited. Sterol dynamics has up until now been examined for 
the thre sterols [104, 105] using quasielastic neutron scattering (QENS). Inter- 
estingly, a strong anisotropy in the cholesterol motion was observed together 
with discrete rotation around its long axis. It was suggested that these motions 
are important for the increase of membrane stiffness upon cholesterol inser- 
tion [104]. The QENS data for the three sterols [105] also suggest that slight 
modifications of the sterol structure have a drastic effect on the molecular dy- 
namics of these molecules in lipid bilayers, which in turn may be related to the 
membrane micromechanical properties. Cholesterol showed an amplitude of 
its out-of-plane motion of 1.0-1. 1 nm, more than a factor of three higher than 
measured for the other two sterols. 

The combination of QENS with MD should help us investigate the dy- 
namical effects of sterols in membranes and examine biologically-relevant 
structure-function relationships from a dynamical stand-point. QENS yields 
information on the same time-scale (1 ps - 10 ns) as the MD simulation, which 
makes the comparison straightforward. However, while QENS gives us infor- 
mation on the average dynamic behavior of the molecules, using MD simu- 
lations it is possible to decompose the simulation-derived dynamic structure 
factor into motional components and thus shed light on which particular parts 
of cholesterol provide the optimal physical properties of the membrane. The 
central goal would then be to establish a model of sterol dynamics in the mem- 
brane and to determine the influence of sterols on membrane lipid dynamics. 
Although several MD simulations of lipid/sterol systems have been published 
over the past decade [100-103], their analysis has been largely restricted to 
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structural properties, and none has provided or investigated specific motional 
models. To model better and more accurately the physical properties of choles- 
terol and its effect on the structure and dynamics of the lipid bilayer, a force 
field for cholesterol has been derived [106] based on the CHARMM force field 
[107]. The new parameter set was tested using energy minimization and MD 
against the existing X-ray crystal structure of cholesterol, which was well re- 
produced. Work is in progress using these parameters in more realistic and 
reliable biomembrane simulations so as to gain new insights into the structural 
evolution of cell membranes. 

6. Conclusion 

The dynamics of biological molecules is crucial for their function. It is, how- 
ever, often relatively hard to obtain direct insights in the dynamics of molecules 
from experiments. A combination of experimental and simulation studies can 
help in such situations. Quantities that have been measured experimentally 
can be calculated from simulation data and compared with each other. If both 
agree, the simulations can be used to obtain a microscopic interpretations of 
the experimentally-observed phenomena. Simulations and theoretical analysis 
can thus not only help to interpret experimental data but also guide the de- 
sign of new experiments. The examples given here testify the richness of the 
biological information that can be addressed in using simulation techniques. 
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1. INTRODUCTION 

Ionic fluids such as molten salts and electrolyte solutions are of central interest 
in Chemical Physics and Physical Chemistry since the first days of those sciences. 
They play an important role in many applied fields such as electrochemistry, chemi- 
cal engineering or the geosciences. If compared to simple neutral fluids, two proper- 
ties provide major challenges for theory, namely the long-range nature of the Cou- 
lomb interactions and the high figures of the Coulomb energy at small ion separa- 
tions. 

The long-range Coulomb interactions cause severe technical problems in theory 
and simulations. For example, integrals as the second virial coefficient that exist in 
normal fluids diverge for Coulomb interactions [1]. This long-range nature also 
challenges the hypothesis that liquid-gas and liquid-liquid transitions all belong to 
the Ising universality class [2-6]. The Ising model assumes only next neighbor inter- 
actions, and is limited to transitions driven by r~^ interactions with p > 4.97 [4,5]. It 
has been speculated that r~^ Coulomb interactions suppress the non-classical critical 
fluctuations, giving rise to mean-field critical behavior [2], as suggested by a mean- 
field-like liquid- vapor coexistence curve of NH4CI [7]. NH4CI is a rare example for 
a molten salt, where the critical point can be reached. Friedman [8] then pointed out 
that liquid-liquid phase transitions in electrolyte solutions near room temperature 
might be more suited to investigate the problem of ionic criticality. In the late 1980s, 
Pitzer and coworkers followed this path, indeed finding evidence for an apparent 
mean-field behavior [9,10]. 

The second striking difference between ionic and nonionic fluids concerns the 
strength of the intermolecular forces. In normal fluids at ambient conditions, the size 
of the intermolecular interactions is roughly of the order of the thermal energy. At a 
quantitative level, this fact is expressed by introducing a reduced temperature 7^ = 
as the ratio between the thermal energy kT and the depth of the interaction 
potential ^r) at its minimum. For simple neutral fluids 7* is of the order of unity. In 
contrast, in typical molten salts the interionic interactions are more than an order of 
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magnitude larger than kT and can even reach the magnitude of chemical bonds, Le. 
r* « 1 . In electrolyte solutions, the strength of the Coulomb interactions depends 
on the dielectric constant e of the solvent. In aqueous solutions r* may come close 
to unity but in the solvents of low dielectric constant of interest here, one has r* « 

1 like in molten salts [11,12]. 

Such strong interactions have major consequences for the structure ionic liquids. 
While ordinary liquids can in good approximation be described in the van der Waals 
picture as hard core bodies in a see of an average potential, the Coulomb interactions 
may give rise to the formation of ion pairs and higher ion clusters as long-lived 
molecule-like entities. These entities separate, however, into free ions by rather mild 
changes of the conditions e,g. by dilution or change of the solvent. One way to de- 
scribe this ion distribution therefore resorts to a “chemical picture” in which the 
fluid is regarded as a system of ions, ion pairs and, may be higher clusters, in chemi- 
cal equilibrium. This is true even for the simplest model fluid, which is the model of 
equal-sized, charged hard-spheres in a dielectric continuum termed Restricted Primi- 
tive Model (RPM) [11]. 

In the “physical picture” ion-pairs are just consequences of large values of the 
Mayer /-functions that describe the ion distribution [1]. The technical consequence, 
however, is a major complication of the theory: the high-temperature approxima- 
tions of the /functions, which are applied in the so called analytical methods of sta- 
tistical mechanics [13] such as the Mean Spherical Approximation (MSA) or the 
Percus-Yevick approximation (PY) are not appropriate in ionic systems. Even Hy- 
pemetted Chain theory (HNC) [1], which does not involve the high temperature ap- 
proximation but applies the Mayer functions in full, becomes unreliable, because the 
neglected bridge graphs give long range contributions to the direct correlation func- 
tion, and therefore affect the structure and thermodynamic properties. 

A way out of these difficulties is a blend of chemical and physical descriptions 
in which ion configurations of high energy are described by the mass action law, 
while the evaluation of the Mayer functions cares for the remainder of the interac- 
tions. Note, that Debye-Huckel (DH) theory [14], which is derived from classical 
electrostatics and statistical thermodynamics, is also a high-temperature approxima- 
tion, whose range of validity can be largely extended by a mass action law for ion 
pair formation [15]. 

Because phase transitions driven by Coulomb interactions fall into the regime, 
where ion pairs and higher clusters play a major role, the development of an ade- 
quate electrolyte theory for this regime is of crucial importance. For example, any 
renormalization (RG) group analysis will depend on the construction of a simple 
mean-field Hamiltonian that adequately describes the interionic forces [4]. More 
specifically, this calls for analytical expressions for the free energy, because Taylor 
expansions have to be performed in the analysis of critical phenomena [4]. At pre- 
sent, such analytical expressions are only provided by DH-type approaches, which 
have been developed further by including the interactions of dipolar ion pairs 
[16,17]. For simulations but also for non-analytical results of the popular integral 
equation methods of liquid-state theory this is possible only after fitting the free en- 
ergy resulting from many calculations. It is fair to say that the need for a transparent 
analytical theory has triggered this revival of DH theory, thus giving a new impetus 
to electrolyte theory. 

In the present article, we review recent progress in this subject area. In the first 
part, we address in Section 2 the problem of the electrolyte solution structure at con- 
ditions of low reduced temperature, where phase separations are known to occur. 
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We discuss new experimental results derived from electrical conductance and di- 
electric data and compare the conclusions with results from Monte-Carlo (MC) 
simulations, integral equation theories, and DH-type approaches. Thereby, we con- 
sider in some detail new DH-based theories of the hard sphere ionic fluid (RPM), 
which in recent theories of ionic phase transitions have played a major role. In Sec- 
tion 3, we consider experimental and theoretical results concerning the location of 
the two-phase regime in ionic fluids with special regard to liquid-liquid transitions in 
electrolyte solutions. Having discussed the location of the phase transition, we re- 
view in Section 4 experimental results on near-critical behavior of ionic fluids, and 
attempts to rationalize this behavior by modem theories of critical phenomena. 



2. THE PARTICLE DISTRIBUTION IN SYSTEMS WITH STRONG 
INTERIONIC INTERACTIONS 

2.1 HISTORY 

Much of our knowledge on electrolyte solutions results from studies of aqueous 
systems with solution properties, which are fundamentally different from those con- 
sidered here. It is therefore adequate to start with some comments on the history of 
the field treated here. This history can be cartooned as fight between two extreme 
views, assuming dissociating salt molecules and complete dissociation into free ions, 
respectively. 

The ion hypothesis goes back to the famous paper of Arrhenius [19], who intro- 
duced a mass-action law for a chemical equilibrium between free ions and salt mole- 
cules, although the idea that the electrical conductance results from ion dissociation 
seems to go back to Clausius [18]. The mass action law implies complete dissocia- 
tion in the limit of infinite dilution and a decrease of the degree of dissociation with 
increasing salt concentration. Arrhenius also suggested that the degree of dissocia- 
tion a at any concentration is equal to the ratio of the observed equivalent conduc- 
tance A to its limiting value A* at infinite dilution, i.e. « = A / A® . 

Arrhenius theory applies well to solutions of weak acids and bases in water, but 
fails in the case of strong electrolytes such as ordinary salts. This problem was even- 
tually solved by Debye and Hiickel [14] who assumed complete dissociation, but 
considered the Coulomb interactions between the ions by a patchwork theory based 
on both statistical mechanics and macroscopic electrostatics. Their theory enabled 
for a satisfactory explanation of many experimental observations, above all for 
aqueous solutions. 

Because the idea of complete dissociation was so simple, it was generally ex- 
pected that deviations from DH theory, as e.g. observed in solvents of low dielectric 
constant, will find a physical explanation, and would not require a return to the idea 
of undissociated salt molecules. Bjerrum (Bj), however, developed a theory, which 
combined the Arrhenius and DH approaches by assuming a chemical equilibrium 
between ion-pairs and free ions [15]. This concept allows taking into account inter- 
actions of ions at short range, which are not adequately described in DH theory. Al- 
though in the second half of the 20th century new theoretical methods such as simu- 
lation techniques and the so-called analytical methods of liquid-state theory have 
been developed [13], it is fair to say that the DH-BJ model is a good guide to theory. 
It also includes a theory for the mass action constant as a function of the dielectric 
constant e of the solvent. Many experimental investigations, e.g. reviewed by Kraus 
[20], have confirmed Bjerrum’s concept. Note however that an ^-dependence of the 
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association constant was recognized a long time before Bjerrum by Nemst [21], and 
was verified in numerous conductance studies by Walden and co workers, the results 
of which are e.g. collected in the data compilation of Landolt-Bomstein [22]. 

While much of the knowledge about ion association in organic solvents was de- 
rived from electrical conductance data, we know today that another important fea- 
ture of electrolyte solutions in low-f solvents is the existence of liquid-liquid transi- 
tions [11]. Of course, this is of prime interest in studies of near-critical behavior of 
ionic fluids, but this critical point may also serve as an important target for testing 
electrolyte theories. Again, the first evidence for such transitions was already pre- 
sented at the beginning of the 20th century by Walden [23], but did not receive fur- 
ther attention. As such transitions are normally preempted by crystallization [24], it 
needed the design of low-melting salts [9,10,24] to enable more extensive studies of 
such transitions. Thereby, pilot experiments by Pitzer [9,10] paved the way for the 
work reviewed in this article. 

2.2 EXPERIMENTAL OBSERVATIONS 

We first consider the available experimental information on the ion distribution 
at the typical conditions considered in this article. In the absence of X-ray or neutron 
scattering data, the electrical conductance provides a major source for structural in- 
formation. In systems showing phase separation, a minimum in the concentration 
dependence of the equivalent conductance A is a major feature [24-26]. Because the 
molecular forces causing this minimum also play a crucial role in driving the phase 
transition, it is instructive to discuss this conductance behavior in some detail. 

We consider first the low-concentration branch, where A decreases rapidly with 
increasing molar concentration C of the salt. In contrast to the situation encountered 
for aqueous systems, in low-f solvents one does however not reach the limiting re- 
gime of the famous Debye-Huckel-Onsager law [27], which results from long- 
range interionic interactions between free ions. Rather, even at the lowest concentra- 
tions association to ion-pairs controls the concentration dependence of A. For sym- 
metrical electrolytes with charges = z+e-\qA = \ z] e, where e is the fundamental 
charge and the z, are signed charge numbers, the underlying mass action law reads 

= ( 1 ) 

a 7p 

where p - (W+ + 'NJ^/V is the total number density of the ions, K(T) is the asso- 
ciation constant, and the Yi are the activity coefficients of the free ions and ion pairs, 
respectively. Bjerrum’s expression for the association constant is [15] 

R f/?! 

K{T)=\qx^ - dr, (2) 

I L^J 

where R = p(^le is the so-called Bjerrum length and a is the collision diameter. 
The evaluation of this low-concentration branch of the conductance curve enables 
the determination of the association constant K{T) for ion pair formation. 

The high concentration branch, where A increases, is more difficult to interpret. 
Note that the appearance of a conductance minimum is not limited to systems show- 
ing liquid-liquid phase separation, but depends on the size of the dielectric constant 
of the medium and on the size and charges of the ions. For univalent cations and 
anions it generally occurs at low dielectric constant of the solvent, s<\0 say. 
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A minimum of A implies the reappearance of charged species by redissociation 
of the pairs into free ions and/or by the formation of charged ion clusters. Its origin 
has been of long-standing and controversial debate. Fuoss and Kraus [28] attributed 
this minimum to the formation of charged ion triplets, allowing to describe the con- 
centration dependence of A by two coupled mass action laws for pair and triplet 
formation. Still today, this triple ion scenario is a popular hypothesis, adopted by 
many workers in the field. However, other effects must come into play, because 
eventually, the ion pairs and ion clusters have to redissociate to obtain the fully dis- 
sociated pattern of the molten salt. The corresponding redissociation is now known 
to result from the interactions of the free ions with the ion pairs that stabilize the free 
ions [16]. Furthermore, the increase of the dielectric permittivity due to the forma- 
tion of ion pairs causes a reduction of the association constant, also driving redisso- 
ciation [17,29,30]. 

For illustration. Fig. 1 shows isotherms of the Walden product, which is the 
product of the molar conductivity A and the shear viscosity r\. We consider two 
demixing ionic solutions slightly above their critical temperatures as a function of 
the molar concentration of the salt. The systems are tetra-«-butyl ammonium picrate 
(Bu 4 NPic) dissolved in 1-tridecanol [24] and 1-chloroheptane [25]. The data were 
normalized to the values at the critical points. Both sets of data fall onto a common 
curve, which clearly indicates corresponding states behavior of the degree of disso- 
ciation that controls the conductance. 




Figure 1. Conductance for tetra-«-butyl ammonium picrate (Bu 4 NPic) dissolved in tridecanol 
(O) and 1-chloroheptane (□) along isotherms slightly above the liquid-liquid critical points of 
these systems. The molar conductance and molar salt concentrations are normalized to their 
values at the critical points. 

Another important source of information is dielectric spectroscopy, because di- 
polar ion pairs result in an observable mode in the dielectric spectrum, and thus con- 
tribute to the static dielectric constant of the solution. Thus, the dielectric spectra 
reflect two modes caused by the reorientation of solvent dipoles and of ion-pair di- 
poles, allowing the separation of the static dielectric constant into ion pair and sol- 
vent contributions, respectively (in apolar solvents one solely observes ion pair re- 
orientation [31]). 

For illustration. Fig. 2 shows results for Bu 4 N-iodide (BU4NI) in dichloro- 
methane (CH 2 CI 2 ) [\2] (see also [30]). The observed increase of the total dielectric 
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constant e may form an essential ingredient for understanding the solution proper- 
ties. This increase results solely from the ion pair contribution. The slight decrease 
of the solvent contributions is readily explained by the decrease in the particle den- 
sity of the solvent. The static dielectric constant does, however, not increase linearly 
with the concentration of the salt. The decreasing slope at high salt concentrations 
may result from the redissociation of the ion pairs, which causes the minimum of the 
conductivity, but at a quantitative level, redissociation alone is not sufficient to ac- 
count for this effect (see Section 2.5). Rather, one has to account for correlations 
between the ion pairs with a tendency to antiparallel orientations, so that the dipolar 
pairs do not fully contribute to the dielectric constant. Then, the well-known Kirk- 
wood g factor for orientational correlations [32] may serve as tool to interpret the 
data, implying Kirkwood factors g < 1 . In the cluster picture, this result can be ra- 
tionalized as the formation of quadruple ions formed by antiparallel pairs. 




Figure 2. Concentration dependence of the electrical conductance and static dielectric con- 
stant of solutions of tetra-w-butyl ammonium iodide in dichloromethane near the conductance 
minimum. 



2.3 SIMULATIONS 

Monte Carlo (MC) simulations of model fluids with simple Hamiltonians pro- 
vide an ultimate test of the structural pictures derived from conductance and dielec- 
tric data. While integral equation methods and DH-based theories theory start with 
the presumption of chemical equilibrium, the only inputs for the simulations are the 
interactions between the ions. 

The simplest model for a generic ionic fluid is the “primitive model” of charged 
hard spheres in a dielectric continuum with the dielectric constant e. Thus, the poten- 
tial is just the Coulomb potential between the ions labeled i and k, which is cut-off at 
the collision diameter which is the mean of the diameters of the ions 



Mr) = 



q,qjsr r>a,^ 



r < (Jn 



Primitive models satisfy the corresponding states principle [11,12]. Then, the 
thermodynamic state is completely specified by a reduced temperature T* and re- 
duced ion density p*. The energy scale used for defining T* is set by the Coulomb 
energy at contact 
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kTea^ 






The reduced density is 



p* = p(^l- 



( 4 ) 

( 5 ) 



Most simulations concern the so-called restricted primitive model (RPM), which 
consists of equal-sized charged hard spheres with charges q+ = |^_|. 

It should be noted that the scaling of the Coulomb potential by e is only a first, 
albeit very successful approximation, because it assumes the dielectric permittivities 
£i„ inside the particle and £ in the medium to be equal. This is, e.g. correct for the gas 
of charged hard spheres. For charged hard spheres embedded in a dielectric contin- 
uum other interactions as “cavity interactions” based on continuum electrostatics 
should be included. The cavity term is repulsive and decays as [33]. 

The determination of the ion distribution from simulation data employs an 
analysis of the particle separations found in the simulated box. This implies a some- 
what arbitrary definition of the relevant pairs and higher ion clusters, e.g. by count- 
ing ions separated by (1~2)(7 as being paired [34,35]. The picture resulting from such 
simulations is quite incomplete, but some important general results can be obtained 
from the simulation data. 

Considering first the low-density regime, some data are available at = 0.004, 
which is one order of magnitude below the critical density of the RPM [34]. At this 
condition, the density of free ions decreases when lowering the reduced temperature 
T*, and near T* = 0.1 the concentrations of ion pairs and free ions become equal. At 
T* = 0.05 (which is roughly the critical temperature of the RPM) the free ions prac- 
tically vanish. Moreover, below P = 0.1 higher clusters begin to appear at the cost 
of the expense of pairs. Thus, when lowering 7^, the ion pair concentration passes a 
maximum. This maximum corresponds to a maximum in the specific heat and a 
sudden decrease of the dielectric constant. These effects occur still well above the 
critical temperature. The changes become less sharp with increasing ion density. The 
results are in good agreement with the conclusions drawn from conductance and 
dielectric data. 

Further results are available at conditions near the liquid-vapor coexistence of 
the RPM [35]. In real molten salts liquid-vapor coexistence occurs between a highly 
conducting melt and an almost insulating vapor of neutral molecules and higher 
clusters with only very few individual ions. Likewise, liquid-liquid phase transitions 
occur between highly dilute, almost non-conducing solutions, and concentrated solu- 
tions that show a high conductance. These conclusions are more-or-less confirmed 
by the simulation data, which highlight the role of neutral ion pairs and probably 
higher neutral ion clusters. However, at higher concentrations this description in 
terms of clusters certainly becomes inappropriate. In view of the dominance of neu- 
tral species, it is even worthwhile to ask whether, at some stage, the vapor will be- 
come insulating, as found in two dimensions for the c/= 2 primitive model [36]. An 
analysis of the wave vector-dependent dielectric constant £(k) by Caillol [34] and 
results from MD simulations of a more refined model for NaCl [37] both indicate 
that the saturated vapor is conducting. 

In real systems, cations and ions are usually of different size and often also of 
different charge. It has been speculated that this asymmetry may be responsible for 
the peculiar critical behavior of ionic fluids [5]. Only a few simulations are however 
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available for cluster configurations in primitive models with ions differing in the 
size or/and charges [38-40]. In general, these simulations appear to show a more rich 
variation of clusters than the RPM. While for the RPM at 7^ = 0.05 and p* = 0.002 
clusters of 2,4,6 particles are found, much larger clusters involving up to 60 ions 
occur, if for similar conditions the sizes of the ions differ by a factor of 10. More- 
over, in addition to the predominant chain-like clusters of the RPM, configurations 
such as rings are found. If the ions differ in the charge, even more cluster configura- 
tions are observed. Such data will provide insights into the behavior of charged col- 
loidal suspensions and polyelectrolytes. 

2.4 INTEGRAL EQUATION THEORIES 

Liquid-state statistical mechanics provides a number of tools for determining the 
equation of state from which integral equation have received special attention [13]. 
Integral equation theories are theories for the pair correlation function gap(ra>**p)> 
which relates the density of particle p at location rp to that of a at Fq (a,P = In 
isotropic, homogeneous fluids, the pair correlation function depends only on the 
radial distance r of the particles. Clearly, in ionic systems (r)= g_ + (r), while + 
(r)= g_ _ (r) only holds, when the ions are equal in size and in magnitude of the 
charge. 

Integral equation theories start with the Omstein-Zemike (OZ) equation, where 
the total correlation function /^opW = gap(^) - 1 is split up into the direct correlation 
function Cap(r) for pair interactions plus an indirect term, which reflects these a,P 
interactions mediated by all other particles y. For isotropic homogenous systems the 
OZ equation reads [13] 

r 

Approximations for Cap(r) are then used as closures to solve the OZ relation for 
^apW- Once ha^{r) and Cap(r) are available, the equation of state can be extracted via 
well-known equations for the internal energy, pressure, or compressibility [13]. 

The Helmholtz free energy A is readily obtained from the energy by the so- 
called thermodynamic integration with respect to p, carried out for a fixed distribu- 
tion of particles: 

P 

^ = pA!V = \u dp. (7) 

0 

O is the reduced free energy density. Alternatively, the Helmholtz free energy is 
calculable from the pressure or the compressibility by integration with respect to the 
density. In principle, these three routes are equivalent, but due to approximations 
involved in the different closures of the OZ equation, this is not the case and ther- 
modynamic consistence can hardly be achieved from such theories. The free energy 
allows evaluating the activity coefficients of the various species, which, in turn, en- 
ables the determination of the degree of dissociation in the mass action law, Eqn. 
( 1 ). 

From the various closures applied to nonionic fluids, only the mean spherical 
approximation (MSA) seems to be suited for treating electrolyte solutions in media 
of low dielectric constant. The Percus-Yevick (PY) closure is unsatisfactory for 
long-range potentials [13]. The hypemetted chain approximation (HNC), widely 
used in electrolyte thermodynamics of highly dissociated systems, suffers from the 
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neglect of the bridge graphs [1,13], which give long range contributions to the direct 
correlation function, and affect the structure and thermodynamic properties at the 
conditions of interest [35]. 

Thus, from all integral equation methods, only the MSA is attractive for gaining 
structural and thermodynamic informations of ionic fluids at the conditions of inter- 
est here. This is particularly true for models with hard sphere repulsion such as the 
RPM. As already mentioned, the approximate nature of gapW leads to severe ther- 
modynamic inconsistencies, and only the energy route to the thermodynamic func- 
tions provides sensible results. Attempts were therefore made to construct thermo- 
dynamically consistent theories such as the Generalized MSA (GMSA) [41] in 
which an ad hoc term is added to Cap(r) to gain consistency. Similar in spirit is the 
self-consistent OZ approximation (SCOZA) [42], in which a closure is constructed 
by imposing self-consistency on the compressibility and energy equation of state. In 
view of the fact that for the neutral lattice gas this theory remains quite successful in 
the critical region, application of the SCOZA to ionic fluids seems promising [43]. 

Specifically, the structural information is gained by applying the mass action law 
(1) and estimating the activity coefficients from the free energy of the MSA. 
Thereby, Bjemim’s expression (2) for the association constant has occasionally been 
replaced by a slightly different expression going back to Ebeling [44], which results 
from the virial expansion and remains correct in the high temperature limit. Based 
on these concepts, various versions of the MSA have been applied to systems at low 
T*. All versions seem to predict the minimum in the degree of dissociation observed 
for such systems. With regard to critical point predictions, Stell [5] and Guillot and 
Guissani [45] have given interesting discussions of this work. However, as we know 
from experiments and simulations, interactions of the pairs with the remainder of the 
ionic fluid play an important role at low T*. It has proven to be quite difficult to ex- 
tend MSA theory to incorporate these interactions of the pairs, and all attempts have 
resorted on approximations [45,46]. We quote for example the pairing MSA 
(PMSA) of Stell and coworkers [46]. 

2.5 DEBYE-HUCKEL-TYPE THEORIES 

The need for an analytical expressions for the equation of state have led to a re- 
vival of the classical approach due to Debye, Hiickel and Bjerrum. DH theory is 
based on macroscopic electrostatics, which becomes exact for large particles. A fur- 
ther advantage of DHBj theory is that interactions between dipolar ion pairs and free 
ions and/or other pairs can be incorporated in a natural and transparent way [16,17]. 

In the following, we review some important foundations of DH theory with par- 
ticular regard to new developments that incorporate the interactions of the dipolar 
ion pairs with the free ions and with other ion pairs in solution. In terms of Eqn. (1) 
this means that apart from the activity coefficients of the ions, the activity coeffi- 
cient Yp of the pairs is considered. Setting = 1, and applying Bjerrum's expression 
for the association constant, we then obtain the lowest level of approximation con- 
sidered here, which is denoted as DH-Bj theory. In pilot work by Fisher and Levin 
[16] denoted by FL, DH-Bj theory is extended by considering the interactions of the 
pairs with the free ions. Finally, Weiss and Schrder (WS) [17] have supplemented 
this type of approach by adding a term for dipole-dipole interactions between pairs, 
thereby also accounting for the ^‘-dependence of the association constant. 

DH theory starts with the Poisson-equation of classical macroscopic electrostat- 
ics, which connects the charge density and the electrostatic potential \j/ in a me- 
dium with the dielectric permittivity e 
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p ( 8 ) 

8 ^ 

The charge density Pq at separation r from an ion with charge is given by the 
charge-charge correlation functions g++(r) and g+-(r) and number densities and /?_ 
of the ions: by Pq = p^ q+ g++(r) + /?_ q. g_ _(r) . The correlation functions can be writ- 
ten in terms of the potential of the mean force In DH theory Wy is approximated 
by the exact result of macroscopic electrostatics Wy{r) = qj 4^,y{r), where the po- 
tential due to the ion labeled / felt by the ion j. Consequently the corresponding pair- 
correlation functions are 

gij {r) = exp (- P qj 'i'y (r)) . (9) 

Combining these equations leads to the famous Poisson-Boltzmann equation. 
With the presumption of electro neutrality, the expansion in first order of yields 
the Helmholtz equation or linearized Poisson-Boltzmann equation 

V'F = a:''F, (10) 

which is the basis of classical DH theory [14]. For charge-symmetrical systems 
the reciprocal Debye length /cis given by 

=47Tpq^(p^+p_)/£ (11) 

or in terms of reduced quantities by 

x = K(j = . ( 12 ) 

For K- 0, Eqn. (10) reduces to the Laplace equation, which is used to calculate 
the potential inside the particle that is modeled as dielectric sphere with a central 
multipole. For this case the solution in spherical coordinates is given by a series of 
Legendre polynomials Pi{x) and related powers of r 

nr,0) = I,{A,r-‘-' + B,r‘)p, (COS0). (13) 

/ 

This series arises naturally, whenever we express the Coulomb potential of a 
charge separated by a distance s from the origin in terms of spherical coordinates. 
The positive powers result when r < s, while for r > ^ the potential is described by 
the negative powers. Similarly the solutions of the linearized Poisson-Boltzmann 
equation are generated by the analogous expansion of the shielded Coulomb poten- 
tial exp[/c* r]/r of a non-centered point charge. Now the expansion for r> s involves 
the modified spherical Bessel-functions ki(x), while for r < ^ the functions are the 
same as for the unshielded Coulomb potential: 

'¥(r,0) = X(Q k,(Kr) + D, r‘)p, (cosd) . (14) 

/ 

The coefficients Ai, Bi, Ci, Di are calculable from the boundary conditions and 
from the known behavior in certain limits. The potential of an ion is given by the / = 
0 terms with, while the potential of a dipole is determined by the / = 1 terms. 

For further evaluation, we consider a sphere with the dielectric permittivity Sq 
and a central multipole. The sphere is surrounded by a dielectric continuum of the 
dielectric constant s that also contains free point charges. Matching the potential and 
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the normal component of the field at the boundary of the sphere determine the coef- 
ficients 5/ and C/. The coefficients Ai and D/ are fixed by the known potentials of the 
central particle inside the sphere and at infinity. DH theory is the solution for the 
case / = 0: 



4 _ 9 D _ <1 (^-'^ 0 +^) ^ exp(x) 

^0 ^ ^0 cr (1-Jc) £ (1 + x) 



(15) 



.^0 is the potential inside the sphere caused by charge distribution induced the by 
the central charge. The potential energy of this charge is therefore qB^, This poten- 
tial energy separates into a contribution due to the ion-ion interactions that is deter- 
mined by K and a term due to the dipole-dipole interactions, which is governed by e 

In FL theory [16] and WS theory [17] theory the collision diameter (J is chosen 
as radius of the excluded volume, which, to some extend, takes into account the vol- 
ume of the field particles. The theory becomes much more complex when the ions 
differ in size [47]. Then, in a certain region around an ion only one kind of ions can 
fill the space, two different boundaries must be considered, and electro neutrality is 
not possible between the two boundaries, so that the Helmholtz equation becomes 
inhomogeneous in this region. 

For / = 1 the boundary conditions for an excluded sphere with radius ob yield 

A B = - ti[ ^ (g-gp) (1 + '^ o'd) + g (y (^pf ^ 

fo’ ‘ Uo ( 2 £’ + £ o ) (1 + '^ cr^,) + e (/r J 



C,= 



3/i exp (y cTp) 

^ (2s + £„) (1+/C ao) + s (k cTo)\ 



(16) 



Here, B\ is the field inside the sphere resulting from the distribution of the exter- 
nal charges induced by the permanent central dipole and the polarization of the 
sphere. In the language of dielectric theory, Bi defines the reaction field factor [48] 



R = - 



2(s-Sg)(l + fcao) + s(K(Ti,y 



(17) 



<7o (2s + So)(l + /ceTj,) + £(/caoy 

The potential energy of the dipole is /r5| = The part depending on (e- £o) 
represents the dipole-dipole interactions while the (xroo)^ term concerns the dipole- 
ion interactions. For /£:= 0, Eqn. (17) reduces to the reaction-field expression of di- 
electric theory derived from Laplace equation. Interestingly, even for £* = ^ reac- 

tion field results because of the polarization of the ionic cloud. 

Clearly, the sum of the ion-dipole interactions must be equal to the sum of the 
dipole-ion interactions. By equating the dipole-ion and the ion-dipole of Bi and Bq 
we get for a=ao 



_ (s~Sq){(2s + s„)(1 + x) + s)c^} 4;rspo 
^ 9s(l + x) 9T' 



(18) 



where Eqn. (18) is a generalization of the well-known Frohlich- 

Onsager-Kirkwood equation [49] for a mixture of ions and dipoles, which for the 
ion-free case reduces to standard expressions known from dielectric theory. The 
equation becomes slightly more complicated when <7 cd [17], The ionic correction 
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to the Frohlich-Onsager-Kirkwood equation may formally be written as a Kirkwood 
g-factor [48] 



g = 



1 + - 



ex 



(2s -h £’q)(1 + 



(19) 



The shielding by the charges makes g <1 like the anti-parallel correlation in the 
absence of ions, which both reduce the dielectric constant. Near criticality we have x 
= Ka= 1 , and the reduction is of the order of 1 5%. 

If the ion-pairs are the only dipoles in the fluid, the energy density is given by 

t^ = ^{iP^+P-)<jSo+pDMBi), ( 20 ) 



where the mass action law connects the densities of the ions and of the dipoles. 
In polar solvents, Eqn. (20) is supplemented by contributions of the solvent dipoles. 

Again, for calculating the equation of state via the Helmholtz energy thermody- 
namic integration of the energy according to Eqn. (7) is required. The charging 
process applied by Debye and Hiickel [14] is just an approximation to this thermo- 
dynamic integration for fixed dielectric permittivity. Actually, the thermodynamic 
integration is, however, a rather involved task, because both e and k are functions of 
fi, and K is a. function of s. Therefore, Weiss and Schrder [17] performed an expan- 
sion in (s-Sq) up to second order, which includes the ^-dependence of the Bjerrum 
constant. 

A great simplification occurs when the contribution of the ion pairs to the dielec- 
tric constant is neglected as in the theory of Fisher and Levin [16]. In this approxi- 
mation, Bq represents the ion-ion interactions while Bi gives the interaction of an 
ion-pair with the surrounding charges only. Neglecting the difference of the diame- 
ters of the ions and the dipoles, within this approximation the free energy densities 
of the ions and ion pairs are 






n ( 1 ^ 

— ln(l + jr)-x +— , 

4;rt 6 J 



( 21 ) 



On = 



In f 1 + X + -^ j - X + -^x^ 



( 22 ) 



For comparison, the Onsager reaction field yields the free energy density of a di- 
polar fluid [50] as 



Oons “ 



4 ;r 









2s + Sq 

3 s 






JJ 



(23) 



Clearly, Eqns.(20-23) concern the electrostatic interactions only, so that a suita- 
bly chosen hard-core contribution, e.g. of Camahan-Starling type [51] must be 
added to the free energy densities. Differentiation with respect to the densities of the 
species finally yields the chemical potential and the activity coefficients required in 
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the evaluation of the mass action law determining the concentrations of free ions and 
ion pairs. 

Using these procedures, WeingSrtner, Weiss and Schrder [25] have calculated 
the degree of dissociation a over a wide range of conditions from subcritical states 
at r* = 0.04 up to distinctly supercritical states at 7^ = 0.15 for different approxima- 
tions of the outlined electrostatic model. They considered the WS, FL and the DHBj 
models, but choose the Ebeling expression for the association constant. All theories 
yield a conductance minimum. Detailed analysis [25] shows that DI and DD interac- 
tions considered in FL and WS theory, are essential ingredients for rationalizing the 
observed conductance behavior near the two-phase regime. Thus one has not to re- 
sort to the assumption of charged triple ions. Pure pairing theories such as DHEb fail 
dXT* < 0.08, which is distinctly above criticality. However, near criticality both FL 
theory overestimates dissociation, and WS theory deviates even more. Note that the 
same is true for many versions of integral equation theories such as the PMSA [46]. 

In WS theory, this high ionicity is a consequence of the increase of the dielectric 
constant induced by dipolar pairs. The direct dipole-dipole contribution of the free 
energy favors pair formation [17]. One can expect that an account for neutral quad- 
ruple ions, as predicted by the MC studies, will improve the performance of DH- 
based theories. First, the coupled mass action equilibria reduce dissociation. Second, 
quadrupoles yield no direct contribution to the dielectric constant so that the increase 
of € and diminution of the association constant becomes less pronounced than esti- 
mated form the WS approach. Such an effect is suggested from dielectric constant 
data for electrolyte solutions at low T* [31]. 

3. PHASE DIAGRAM AND LOCATION OF THE CRITICAL 
POINT 

3.1 MONTE-CARLO SIMULATIONS 

Perhaps the most exciting property of the RPM at low reduced temperatures is a 
fluid phase transition with an upper critical point. By corresponding states argu- 
ments this critical point corresponds to the liquid-vapor transition of molten salts 
and to some liquid-liquid transitions in electrolyte solutions in solvents of low di- 
electric constant [11,12]. Many attempts have been made to locate this critical point 
by MC simulations and analytical theories. 

MC simulations of critical properties are extremely involved and require much 
more computer force than e.g, the calculation of the pair-correlation functions. 
Methodological developments in MC techniques were addressed in a recent review 
[52]. As discussed later, simulations may also reflect the nonclassical critical fluc- 
tuations, thus allowing to identify the critical exponents and universality class. Most 
simulations use now the Gibbs ensemble technique, by which direct simulations of 
phase equilibria are possible by running two simulations in physically detached, but 
thermodynamically connected boxes that are representative of the coexisting phases. 
Particle transfer and volume exchanges between the boxes lead to an establishment 
of phase equilibrium. A further essential step, which allows large-scale simulations, 
was the observation that MC simulations may be carried out on a lattice [53]. If the 
separation of the lattice points is chosen about one order of magnitude smaller than 
the diameter of the particles, results of such simulations prove to be almost identical 
with those of conventional MC simulations. The virtue of this technique is not only 
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the speeding up of the simulations, but also the possibility to investigate the change 
from a lattice to the fluid. 

The first question to be ansAvered by the simulations concerns the existence of 
the phase transition. The early calculations for the RPM of Stell et. al [54] based on 
the MSA and other integral equations have indeed indicated the existence of a two- 
phase regime with an upper critical point. However, the case of the hard sphere di- 
pole fluids may caution that a prediction based on such a mean field theory may be 
in error. In the latter case, it was taken for granted for a long time that this system 
has a gas-liquid phase transition. This conclusion is intuitive, because a critical point 
could easily be estimated from a generalized van der Waals theory. Instead, simula- 
tions that are more recent have failed to indicate such a transition, but gave evidence 
that, as the temperature is lowered the dipolar spheres associate to polymer like 
chains [55], 

Meanwhile, a liquid-vapor transition of the RPM is well established, but over the 
years, the figures for the critical parameters of the RPM have changed appreciably, 
as illustrated in some reviews [3-5]. One reason for these inconsistencies is associ- 
ated with finite-size scaling effects, as the critical fluctuations exceed the dimension 
of the simulation box. Therefore, conventional simulations can be regarded as 
“mean-field simulations”. To obtain accurate data, the size L of the simulation box is 
varied and the results are extrapolated by finite-size scaling methods to an infinite 
sample sizes [56]. For the RPM the finite-size scaling technique leads to a reduction 
of the critical temperature and shifts the critical density to higher values. There is 
now a series of accurate MC studies [57-60], which, based on finite-size scaling 
corrections, locate the critical of the RPM near 

r; = 0.049, /?;=0.08. (24) 

Going one step further, simulations are now also conducted for investigating the 
influence of the relative size of the ions and a charge asymmetry on critical parame- 
ters [38-40]. It is found that the critical temperature is reduced by the asymmetry of 
the particle size, as is the critical density. The charge asymmetry causes a reduction 
of the critical temperature, but an enhancement of the critical density. Notably these 
findings are in agreement with DH-type calculations, but not with MSA results. 

Although free ions are certainly present in ionic fluids, it is questionable if their 
concentration is really dominating the thermodynamics. Following an old idea of 
Stillinger [61], Camp and Patey [62,63] and more recently Pangiotopoulos and co- 
workers [64] considered a fluid of dumbbells representing the ion pairs. It turned out 
that the coexistence curves comes out almost the same as for the RPM. We recall 
that the cousin model of the hard sphere dipolar fluid has no liquid-gas transition at 
all [55]. 

3.2 ANALYTICAL THEORIES 

The determination of the phase diagram and of the critical point by analytical 
theories usually requires the calculation of the excess part of the reduced free energy 
density which is then supplemented by an appropriately chosen hard-core con- 
tribution. As already noted, in DH theory is determined from thermodynamic 
integration of the energy of the ions and dipoles. For any temperature the spinodal is 
defined by the stability condition = 0, and the maximum of the spinodal 

with respect to T defines the critical point. The coexistence curve can be obtained by 
expanding the free energy density about the critical point and solving for p at a given 
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temperature. Alternatively, one can exploit the condition that at coexistence pressure 
and chemical potentials are equal in the two phases. 

Interestingly, in both DH and MSA theory, the excess free energy density of the 
ions supplemented by the ideal gas free energy density predicts already a phase tran- 
sition without accounting for pair formation. However, there are gross deviations 
from simulation results. In DH theory the analytical results areXc== 1, Tc* = 1/16 and 
Pc^~ l/64;r. While the critical temperature comes out almost correctly, the density is 
too small by more than an order of magnitude. This flaw is corrected by including 
the pairing concept and employing the mass action law with the association constant 
proposed by Bjerrum. Actually, it turns out [16,17] that at the critical point jc = /rcr= 

1 in all DH-based theories. Recalling that k is evaluated at the free ion density, all 
effects that increase the free ion density will displace the critical density towards 
lower values and vice versa. Including the Bjerrum pairing the critical point is calcu- 
lated in fair agreement with those simulations for the RPM, which do not use the 
finite size scaling technique. The coexistence curve, however, has an unnatural ba- 
nana-shaped form [16]. 

At a better level of approximation, in FL theory, the interactions of the ion pairs 
with the surrounding ion cloud are included. Then, good agreement of the phase- 
diagram with the mean-field simulations is obtained. Nevertheless, there are some 
objections against this theory. It appears that cancellation of errors contributes to the 
impressing good performance of the FL theory. For example, when the ideal gas free 
energy density is replaced by the more appropriate expressions of van der Waals or 
Carnahan and Starling, the good agreement is lost [17,45]. 

It is instructive to consider some other possible versions [4,16,17,45]. Combin- 
ing the DH limiting law for the ionic free energy with the ideal gas free energy does 
not yield a phase transition. This is also true, if the electrostatic energy is used in- 
stead of the free energy resulting from thermodynamic integration. In both cases, 
however, phase transitions are obtained with the van der Waals hard-core free en- 
ergy or the Camahan-Starling hard sphere contribution. However, then the critical 
density and the critical temperature come out more near to that of van der Waals 
fluids. 

Finally, one can carry the approximations to the point, where dipole-dipole in- 
teractions between ion pairs are taken into account as well [17,45]. Thus, in WS 
theory [17] the effects of dipolar interactions between ion pairs of the resulting 
change of the dielectric permittivity are worked out. At least in the version adopted 
by them, this approximation shifts the critical density to figures, which are too small. 
The physical origin of this overestimate is directly related to the overestimate of the 
ionicity already discussed in Section 2.5. It is suggested that an account for the pres- 
ence of antiparallel ion pairs, as indicated by experimental dielectric data and by the 
ion clusters observed in MC simulations, may largely remove the discrepancies. 

i.5 EXPERIMENTAL RESULTS 

We turn now to the question, whether the critical points predicted theoretically 
have some relation to critical points of real systems. We recall that the best RPM 
critical parameters are Tc* = 0.049 and = 0.08. Both figures are much lower than 
observed for simple nonionic fluids, for example Tc* =1.31 and 0.32 for the 
Lennard-Jones fluid [13]. Low values of are typical signatures for phase transi- 
tion driven by Coulombic interactions [11]. By corresponding states arguments this 
critical point should correspond to the liquid-vapor critical point of molten salts and 
liquid-liquid critical points of electrolyte solutions [11,12]. 
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Let us first consider the liquid-vapor phase transition of molten salts. For simple 
electrolytes such as NaCl various physical properties have been recorded up to about 
2000 K, but this is still far below the critical point. From the available experimental 
data, and by extrapolations guided by simulations and theory, one expects Tc = 3300 
K for NaCl [37]. With <js 0.276 nm and s- 1, this maps onto Tc* = 0.05. Moreover, 
the critical mass density dc = % cm'^ estimated in ref [37] implies Pc* = 0.08. 

The quantitative agreement of these extrapolated critical parameters with predictions 
for the RPM is of course to some degree accidental. 

Phase transitions driven by Coulomb interactions also correspond to some liq- 
uid-liquid phase transitions with critical points near room temperature. From the 
critical parameters of the RPM one concludes that such liquid-liquid transitions 
should occur in solvents of low dielectric constant, for 1: 1-electrolytes typically at s 
= 5. The major difficulty to find such systems arises from the interference of crystal- 
lization, driven by high melting points of salts. Low-melting salts, which usually 
comprise large organic cations and anions, now enable the systematic design of suit- 
able systems, and meanwhile many systems are known that satisfy these conditions. 
Usually, these are based on low-melting tetraalkyl ammonium salts, which enable to 
tune the location of the two-phase regime by changing the alkyl residues at the 
cation or the anion [24]. 

However, there are systems with gross deviations of the liquid-liquid critical 
points from these predictions. Liquid-liquid immiscibilities have been observed with 
some of these salts even in aqueous solutions [24]. In such cases, the ionic forces are 
not expected to drive the phase separation. Rather, solvophobic effects of salts with 
large ions in solvents of high cohesive energy density may be responsible for these 
transitions [24]. Still other mechanisms are known [6]. 

Instructive examples for the interplay of Coulomb and solvophobic forces are 
tetraalkyl ammonium picrates dissolved in homologous alcohols. Extending earlier 
work [24], Kleemeier et al. [65] observed critical points of tetra-«-butyl ammonium 
picrate (Bu 4 NPic) in a homologous series of 10 alcohols with dielectric constants 
ranging from 16.8 (2-propanol) to 3.6 (1-tetradecanol). For mapping the critical data 
onto reduced variables, we estimate the separation of the ionic charges to be (7= 6.6 
A, based on the Stokes radius of the cation and the van der Waals radius of the oxy- 
gen, which is assumed to be the center of the charges in the anion. Fig. 3 shows the 
resulting reduced critical temperatures as a function of the dielectric constant of the 
solvents. For long chain lengths of the alcohols, when the solvent becomes almost 
non-polar, one indeed approaches this “Coulombic limit” Tc* = 0.05 of the RPM. 
However, for shorter chain length, i.e. higher dielectric constants of the solvents, Tc* 
increases, and one clearly moves from a Coulombic mechanism to a distinctly non- 
Coulombic mechanism for phase separation. In other words, specific interactions 
increasingly shift the critical temperature away from the RPM prediction. 

Interestingly, there are now observations of liquid-liquid coexistence in solutions 
of some newly designed room-temperature molten salts, e.g. based on imidazolium 
cations. These “ionic liquids” have prospects for engineering applications. At pre- 
sent these systems are mostly treated by typical non-electrolyte equations of state 
that ignore the long-range terms associated with Coulombic interactions [66]. In 
seeking for molecular-based interpretations, one should however not forget that in 
such systems Coulomb interactions might form the major driving force for phase 
transitions. As an illustrative example, we also show in Fig. 3 the location of the 
critical point in the corresponding-states plot derived from literature data [66] for 
solutions of 1 -butyl-3 -methylimidiazolium hexafluorophosphate and own measure- 
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ments of 1 -butyl-3 -methylimidiazolium tetrafluoroborate in the lower normal alco- 
hols. 

The effective ion diameter of those salts should be markedly smaller than that of 
the picrate, where the alkyl groups bury the center of charge in the cation. We can 
estimate the characteristic separation of the ions from bond lengths and van der 
Waals radii to be about 4.60 A for the tetrafluoroborate and 4.95 A for the 
hexafluorophosphate. Then, the reduced critical temperatures of the imidazolium 
salts practically fall onto the same line as those of the tetralkylammonium salts, im- 
pressively showing the need for including Coulombic effects in the data analysis. 




Figure 3. Reduced critical temperature vs. dielectric constant of the solvent of tetra-«-butyl 
ammonium picrate (•), 1 -butyl-3 -methylimidiazolium hexafluorophosphate [24] (A) and (■) 
in homologous alcohols. 

Refs. [3] and [ 6 ] summarize several other systems, where specific non- 
Coulombic interactions come into play, so that the critical point is largely displaced 
from what is expected for a generic ionic system. One system is molten NH 4 CI [7] 
which, although highly conducting, exhibits a too low critical temperature Tc* = 
0.02 and a too high critical density Pc* = 0.2. This salt decomposes, however, in the 
gaseous phase into HCl and NH 3 , which largely affects the equation of state. An- 
other system is ethyl ammonium nitrate (EtNH 3 N 03 ) dissolved in 1 -octanol, which, 
as summarized in ref. [3], has been used in many investigations of ionic criticality. 
Here the critical temperature corresponds to the expected value, but the critical den- 
sity is located in the salt-rich regime. A rationale, supported by conductance data, is 
that hydrogen bonds between cations and anions cause extensive ion pairing, which 
stabilizes the pairs in excess to what is expected from electrostatic interactions. A 
detailed discussion of these aspects of non-Coulombic contributions is given in ref 
[ 6 ]. The results caution that, if one aims at investigating the properties of generic 
ionic fluids, little can be learnt from data for such systems with specific interactions. 

4. CRITICALITY OF IONIC FLUIDS 

4.1 STATEMENT OF THE PROBLEM 

Considering a liquid-gas or liquid-liquid coexistence curve, any analytical equa- 
tion of state such as the van der Waals equation predicts a parabolic top, which sim- 
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ply follows from a series expansion of the free energy in powers of temperature and 
density. Already van der Waals was aware of distinct deviations from this “classi- 
cal” or “mean-field” behavior, and Verschaffelt showed that the top of such coexis- 
tence curves is approximately cubic [67]. Today we know that this anomaly is but 
one example for the universal nonanalytic behavior of fluid properties near critical 
points [68]. Based on the available experimental evidence and simple theoretical 
arguments, in the late 1980s Pitzer [9,10] conjectured, however, that ionic fluids 
might behave classical. 

Considering first the experimental evidence, such a classical behavior followed 
from an apparently parabolic liquid-vapor coexistence curve of NH4CI [7]. It is 
however easy to object against these results, because these measurements near 1150 
K certainly do not possess the accuracy required in work on critical phenomena. 
Nevertheless, the results indicate that ionic fluids may differ appreciably in their 
effective critical behavior from nonionic fluids. On the other hand, Pitzer and co- 
workers observed parabolic coexistence curves for two liquid-liquid phase transi- 
tions with critical points near 414 K [9] and 318 K [10]. In particular, the critical 
point of the latter system should be close enough to ambient conditions to perform 
highly accurate measurements. 

There are also some simple theoretical arguments in favor of a classical critical 
behavior. According to renormalization group (RG) theory [68], the universality of 
critical phenomena rests, among others, on the short-range nature of the interaction 
potential (Hr). \nd=3 short-range means that (j> (r) decays as r'^ with p> d + 2- ij 
- 4.97 [69], where rj = 0.03 is the so-called Fisher exponent. For insulating fluids 
with a leading term of ^ (r) oc r~^ , the experimental verification of Ising-like critical- 
ity is unquestionable. The bare Coulombic interaction (p = 1) and interactions of 
charges with rotating dipoles (p = 4) do not fall into this class. Thus, intuitively, ana- 
lytical (classical) critical behavior is a possible expectation. However, in real ionic 
fluids the screening of the electrostatic interactions to shorter range by counter ions 
may restore an Ising-like criticality. An analogous situation is encountered with liq- 
uid metals, where the electrons screen the interactions of the Coulombic interactions 
of the cores [70]. 

We anticipate here that later work [71] has not confirmed Pitzer’s experimental 
observations, although there is no clear evidence for the origin of the flaws, and 
many aspects remain puzzling. Rather, it seems now that crossover phenomena oc- 
cur from an Ising-like asymptotic behavior to mean-field behavior further away from 
the critical point [3,65,72,73]. Such a behavior is also expected for nonionic fluids, 
but occurs so far away, that conditions close to mean-field behavior are never 
reached [72]. 

Assuming that Ising-like criticality with crossover is indeed the correct interpre- 
tation, this would imply that the temperature distance of the crossover regime from 
the critical point, as characterized by the so-called Ginzburg temperature ATo,*, is 
much smaller than observed for nonionic fluids. Actually, such a behavior was ob- 
served some time before Pitzer’s work from coexistence curve data for the system 
Na + NH3 [74]. There is a transition to metallic states in concentrated solutions, but 
in dilute solutions and near criticality ionic states prevail. Thus, an essential aspect 
of more recent work has been the experimental characterization of crossover behav- 
ior, and its explanation by crossover theory [73]. 

However, even if the critical point of an ionic fluid were mean-field-like, this 
does not necessarily imply that this behavior is related to the long-range nature of 
the interionic forces. Crossover may also be controlled by the approach toward a real 
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or virtual tricritical point which in = 3 is mean-field-like. This aspect plays an im- 
portant role in recent theoretical and experimental studies (see Section 4.7). 

4.2 EXPERIMENTAL RESULTS FOR BINARY SYSTEMS 

4.2.1 Coexistence curves of binary systems 

Non-analytical divergences at critical points result from fluctuations of the order 
parameter Af, which is a measure of the dissimilarity of the coexisting phases. In 
pure fluids, one identifies M with the density difference of the coexisting phases. In 
solutions, M is related to some concentration variable. At a quantitative level, these 
divergences are described by crossover theory [72] or by asymptotic scaling laws 
and corrections to scaling, which are expressed in the form of a so-called Wegner 
series [68]. With regard to the coexistence curve, the difference AM in the two co- 
existing phases is represented by the series 

AM = 5or^(l + 5,r^+52r'^ + -). (25) 

r = |r — 7^|/7^ characterizes the temperature distance from the critical point, p 
is a universal critical exponent and the are a substance-specific amplitudes. For 
Ising-like systems 0.326, while in the mean-field case yff = 0.5 exactly. The cor- 
rection terms depend on substance-specific amplitudes and on the universal correc- 
tion exponent A = 0.5. In the asymptotic regime Eqn. (25) reduces to the power law 
AM — . For practical data evaluation, one often characterizes the deviations 

from asymptotic behavior by an effective exponent defined by the local slope in the 
double-logarithmic plot of the order parameter vs. the reduced temperature: 

Peff= d In AM Id In r . (26) 

Using this procedure Singh and Pitzer [10] indeed found a parabolic coexistence 
curve for the low-melting salt n-hexyl-triethyl-ammonium «-hexyl-triethylborate 
(“Pitzer’s salt”) dissolved in diphenylether. If one imposes an Ising-like asymptotic 
criticality upon this data, one finds a very low Ginzburg crossover temperature, 
never observed in other cases [10, 73]. 

Actually, the critical temperature = 317 K reported by Singh and Pitzer could 
not be reproduced in later work [71], which, depending on the sample, yielded val- 
ues between 288 and 309 K (see also Table 2 of ref [3]). These differences seem to 
indicate a considerable chemical instability of Pitzer’s salt, so that decomposition 
products displace In view of these observations, coexistence curve measurements 
were repeated with a sample, which was tempered until stability of Tc was reached. 
These experiments, as well as determinations of other critical exponents discussed 
later, yielded plain Ising behavior [71]. 

Tetrabutylammonium picrate (Bu 4 NPic) in long-chain alcohols behaves more 
reproducible, as the salt is chemically quite stable [24,75]. Moreover, in such cases 
critical points can be observed for a homologous series of systems with a gradual 
shift from Coulombic to solvophobic behavior of the phase transitions. Thus, sys- 
tems including 2-propanol, 1-decanol, 1-dodecanol, 1-tri-decanol, and 1-tetradecanol 
as solvents were employed in precise studies of the coexistence curves [65]. 

The evaluation of the coexistence curve data for these systems indicates some 
subtle problems, because for two-component systems several choices of the order 
parameter exist, e.g. the mole fraction or volume fraction. In terms of the mole frac- 
tion, the phase diagrams of ref [65] are highly skewed and located in the solvent- 
rich regime. Such highly skewed phase diagrams show a strong resemblance with 
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those of polymer solutions in poor solvents, suggesting looking for theoretical 
analogies [4,76]. The volume fraction, however, leads to a more symmetric phase 
diagram, and the asymptotic range becomes larger. Symmetric coexistence curves 
with large asymptotic ranges are often taken as criteria for an optimum choice of the 
order parameter. 

Fig. 4 shows the effective exponents peff, defined by Eqn. (26) and calculated on 
the basis of volume fractions. Asymptotic Ising behavior is obvious, but deviations 
occur away from Tc, Although they are quite small, they show a systematic increase 
with increasing chain length of the alcohol, thus suggesting an increased tendency 
for crossover to the mean-field case, when the Coulombic contribution becomes 
essential. 

These results are unique in the sense that, apart from the system Na + NH3, these 
are the only cases, with clear evidence for crossover phenomena quite close to 
However, ref [3] summarizes work on coexistence curves for some other ionic sys- 
tems with non-polar solvents as toluene and cyclohexane, which show normal Ising 
behavior without particular noticeable deviations. 

The diameter + M^)!! of the coexistence curve is represented by the series 

[ 68 ] 

(M, + M 2 ) / 2 = (1 + Z),r^ + +...), (27) 

involving the Ising exponent a = 0.11 of the heat capacity. In a mean-field sys- 
tem with cr = 0 and Ml the diameter is "rectilinear”. For a long time, the diame- 
ter anomaly in nonionic systems was a matter of controversy, because the deviations 
from rectilinear behavior are small, and there is an additional spurious 2;ff contribu- 
tion, when an improper order parameter is chosen in data evaluation [77]. In studies 
of ionic systems, there were repeated reports on diameter anomalies, while in some 
other cases no such evidence was observed [3]. A careful investigation of the picrate 
systems yielded a substantial anomaly [65] with all reasonable choices of the order 
parameter, including the volume fraction. The data are consistent with an (1-a) 
anomaly. Large diameter anomalies are expected, when the intermolecular interac- 
tions depend on the density. In the systems considered here, the dilute phase is es- 
sentially composed of ion pairs, while the concentrated phase is an ionic melt. How- 
ever, any general conclusion is weakened by the fact that with Pitzer’s system no 
such anomaly was observed [71]. 
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Figure 4. Effective exponents y^eff of tetra-«-butyl ammonium picrate dissolved in several 
alcohols as a function of the reduced temperature based on volume fractions as order parame- 
ter. 




4.2.2 Scattering and Turbidity 

The non-analytical divergences at critical points result from fluctuations of the 
order parameter, which can be observed by scattering experiments. The intensity I of 
single scattering in binary systems is determined by the concentration fluctuations, 
which in a rather good approximation are described by the Omstein-Zemicke equa- 
tion 



/ = 



X 

l + qY' 



(28) 



The OZ equation depends on the scattering vector q and involves the osmotic 
compressibility x the correlation length ^ of the fluctuations, the temperature 
dependence of which is given by scaling laws of the form analogous to Eqn. (25) 



X = Xo^''(} + Zi^^---) > (29) 

^ = ^„r-‘'(l + ^,r\..). (30) 



;^and v satisfy the equality v{2-?j) = 2v, where rj = 0.03 is the Fisher expo- 
nent. In the mean-field case y= 1 and v= 0.5 and 7 = 0, so that 2 v exactly. In the 
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Ising case, 1.24 and v= 0.63. The turbidity is the integral about all scattering 
vectors. Thus, static light or neutron scattering and turbidity measurements enable to 
determine the exponents y and v. Moreover, dynamic light yields the time correla- 
tion function of the concentration fluctuations, which decays as Qxp(-2Dq^), where 
D is the diffusion coefficient. The diffusion coefficient can be converted to the cor- 
relation length, which again provides the exponent v. 

Following Singh and Pitzer’s report on the parabolic coexistence curve [10], 
there was large interest in the exponent y because a theory by Kholodenko and Bey- 
erlein predicted a parabolic coexistence curve described by the so-called spherical 
model [78]. The spherical model implies J3 = 1/2, but the other exponents differ 
largely from the mean-field exponents, e.g. with y= 2 instead of 1. By static and 
dynamic light scattering measurements in solutions of Bu 4 NPic in 1-tridecanol, 
WeingSrtner et al. [75] immediately ruled out the spherical model by showing that 
the results are consistent with 1 or the Ising exponent 1 .24 rather than y = 2. 

The discrimination between Ising and mean-field behavior by scattering experi- 
ments proved to be more subtle. Turbidity measurements on Pitzer's system by 
Zhang et al. [79] confirmed plain mean-field criticality without noticeable crossover. 
However, turbidity measurements performed later with another sample in the same 
laboratory differed considerably from the earlier results [71], and the data were in- 
dicative for Ising-like behavior. With this second sample, Ising-like criticality was 
also obtained consistently by light-scattering experiments, measurements of the co- 
existence curve and of the viscosity. 

Again, on grounds of chemical stability, experiments with picrate solutions may 
be more convenient. In several studies, reviewed in refs. [2] and [3], Narayanan and 
Pitzer therefore performed turbidity experiments with solutions of Bu 4 NPic in 1- 
undecanol, 1-dodecanol, and 1-tridecanol. The data show quite sharp crossovers 
from mean-field criticality away from Tc to asymptotic Ising criticality, which oc- 
curs almost within one decade of the reduced temperature. Crossover is closest to Tc 
for the highest homologue, where Coulombic interaction is expected to be strongest. 
Adding 1 ,4-butanediole to 1-dodecanol shifts the crossover region further away from 
Tc, and for pure 1,4-butanediol clear Ising behavior is observed. Later, Kleemeier 
[80] performed turbidity measurements for the picrates in conjunction with static 
and dynamic light scattering experiments. His results confirm the essential features 
of Pitzer's data, but crossover seems to be smoother than observed earlier. Clearly, 
these results confirm the picture developed above from coexistence curve data [65]. 
Attention may also be drawn to systems in nonpolar solvents as cyclohexane and 
toluene, where Ising-like criticality was deduced from both, measurements of the 
coexistence curve and light-scattering experiments [3,80]. 

In concluding this section, we like to draw attention to the amplitudes ^ derived 
in the scattering experiments. As outlined in Section 4.6, ^ enters into theoretical 
expressions for the crossover temperature. Thereby, large ^-values favor a small 
Ising regime. In simple nonelectrolyte mixtures ^ is generally found to be of the 
order of the molecular diameters, §> = 0. 1 - 0.4 nm say. It is therefore notable that in 
the studies mentioned above considerably larger amplitudes were observed, in parts 
yielding <§) > 1 nm. Such large amplitudes were however obtained in systems with 
small or large corrections to scaling, so that large ^-values seem to be a signature of 
ionic systems not related to the mean-field vj. Ising problem in an obvious way. 
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4.2.3 Some other critical properties 

Particularly interesting are weak divergences in Ising systems, which are absent 
in the mean-field case. One such case is the specific heat, which diverges with the 
exponent a. Kaatze and coworkers [81] have indeed shown the presence of such an 
a anomaly in EtNH 3 N 03 + «-octanol, but as already mentioned this system shows an 
anomalous location of the critical point, indicating that non-Coulombic interactions 
play a considerable role in driving the phase separation. 

Another property related to a is the electrical conductance, which diverges as 
r . Bonetti and Oleinikova [82] proved the existence of an Ising-type (1 - a) 
anomaly for some picrate systems, finding no essential difference between Coulom- 
bic and solvophobic systems. 

Finally, the viscosity of Ising-like systems is known to exhibit a weak diver- 
gence of the form 

7/%=(0o^r=(0o4rc^ (31) 

where r\b is the background viscosity, Qq a system-dependent wave vector, 
(Qo(^y a system-dependent critical amplitude, y the viscosity exponent and z = vy. 
For an Ising system, mode coupling theory and dynamic RG theory both yield z = 
0.065, i.e. y = 0.041 in agreement with the best experimental data. For mean-field 
systems there seems to be no decisive answer, but probably mean-field behavior 
excludes an anomalous viscosity enhancement, except perhaps for logarithmic cor- 
rections. 

Viscosity measurements were first reported for the Bu 4 NPic + 1-tridecanol [83], 
and ensure that the scaling law (31) with Ising exponent is applicable. Further away 
from Tci the anomaly was however found to vanish, in accordance with crossover to 
mean-field behavior. With ^ taken from light scattering data, the wave vector, Qq 
was found to fall in the broad range of values reported for nonionic fluids. Wiegand 
et al. [84] observed a viscosity anomaly of Ising-type for Pitzer's system as well. 
Presuming the absence of a critical viscosity anomaly for mean-field systems, these 
experiments clearly prove the Ising-like character of the critical points in ionic solu- 
tions. 

4.3 EXPERIMENTAL RESULTS FOR MULTICOMPONENT SYSTEMS 

One option for explaining classical critical behavior and unusual crossover is the 
existence of a tricritical point, which in ^/ = 3 is mean-field like [68, 72]. The exis- 
tence of a tricritical point requires the presence of a further phase transition line, in 
addition to the liquid-liquid coexistence curve. This is difficult to imagine in binary 
systems, although the coupling of some charge ordering or of an insulator-conductor 
transition to the phase separation can be thought of While polymer solutions indeed 
seem to be well described by a crossover scenario [76] based on the coupling of the 
liquid-liquid phase transition to the fluctuations of the radius of gyration, in binary 
electrolyte solutions no real evidence for such coupling has been found so far. 

In ternary systems, such a crossover scenario is more easily accounted for. For 
example, tricritical behavior is obtained, if three phases have a common critical 
point. There is a large body of experimental work on ternary systems of the general 
type salt + water + organic cosolvent. Many electrolytes have a salting-out effect, 
which increases the miscibility gaps of the binary system, or, generates a gap not 
present in the binaries. In the literature, there have been repeated reports on an ap- 
parent mean-field behavior in such ternary systems. For example, measurements of 
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the refractive index along a near-critical isotherm of the system 3-methylpyridine (3- 
MP) -I- H 2 O doped with NaCl yielded an exponent <^=3.05 close to the mean-field 
value S=3, while for Ising systems S= 4.8 [85]. Viscosity data for the same system 
indicated an Ising-like exponent, but a shrinking of the asymptotic range by added 
NaCl [86]. 

Recently, Jacob et al. [87] performed light scattering measurements in mixtures 
of 3-MP + H 2 O + NaBr. The data indicate a comparatively sharp crossover regime 
in the range close to the critical point. When increasing the salt concentration, the 
tendency to approach mean-field behavior at Tc becomes more pronounced, and 
eventually, at 17 mass % NaBr pure mean-field behavior was obtained. 

As viewed from the Coulombic V5’. solvophobic dichotomy, the mean-field-like 
behavior of the ternary systems is somewhat unexpected. Thermodynamic properties 
of the salt-free systems clearly point towards a hydrophobic phase separation 
mechanism. One would then expect the ions just to enhance the forces already pre- 
sent in the binary mixture, which in turn, would imply that the critical point is Ising- 
like. In fact, further thorough examinations of the NaBr + water + 3-methyIpyridine 
system did not confirm the reported results. Checking carefully the homogeneity of 
the samples in the concentration range of 10-18 mass% NaBr, viscosity, coexistence 
curves, turbidity and light scattering data, shown in Fig.(5), provided neither evi- 
dence for the pronounced crossover nor the observed mean-field behavior reported 
for 17 mass % NaBr [88-91]. 

4.4 MC SIMULATIONS OF NEAR-CRITICAL BEHAVIOR 

In standard simulations, long-range fluctuations cannot be treated adequately be- 
cause the size of the boxes is too small. In this respect, the simulated systems are 
small in spite of the periodic boundary conditions applied. Therefore, special tech- 
niques are required to elucidate the nature of the critical point of a particular system. 
The finite scaling technique provides the adequate tools [58]. Using this technique 
MC simulations yield reliable values for the critical point and allow conclusions 
about the universality class of model fluids such as of the square well fluid or the 
RPM [60]. Even today, this is an appreciable task. 

In work, that is more recent Caillol et al. [58] and Lujten et al. [92] agree that 
the simulations suggest an Ising-like critical point. Lujiten et al. claim an accuracy 
of the exponents obtained from the simulations, which even allows distinguishing 
between Ising criticality and other models with rather similar exponents as the XY 
model and the self-avoiding walk model. An ultimate test would be the unambigu- 
ous proof of the weak a-anomaly of the specific heat. Whether such an anomaly can 
be extracted from the existing simulation data, is subject of a highly controversial 
debate [93-95]. 
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Figure 5. Temperature dependence of the light-scattering intensity (90°) at critical composi- 
tion for 17 mass % NaBr in the ternary system NaBr/water/ 3-methylpyridine. In the figure 
the results (■) reported in [87] are compared with recent measurements of Wagner et.al. [91]. 
Ising values are obtained for y and v after correcting the experimental data (o) for the loss 
due to turbidity (A) and multiple scattering (T). 

4.5 MEAN-FIELD THEORIES OF FLUCTUATIONS 

The appearance of the critical opalescence, which is caused by inhomogenities 
of the refractive index, spectacularly reflects the growing density or concentration 
fluctuations when approaching a critical point. In ionic fluids, both density and 
charge fluctuations are of relevance. Density-density correlations are reflected by the 
sum combination 

= h^if) + K^ir), (32) 

while charge-charge correlations are reflected by the difference combination [13] 

h^r) = h^{r) - h„p(/-) . (33) 

In DH theory we have hflr) = 0 and hq{f) is short-range without relation to flue- 
tuations near critical points. 

Obviously, the correlation functions of DH theory do not say anything at all 
about density fluctuations that are crucial in any description of critical behavior. To 
treat density fluctuations, Lee and Fisher [96] have extended DH theory to non- 
uniform, slowly varying ion densities. This extension yields a functional of the 
Helmholtz free energy, which, in turn, allows deriving expressions for density corre- 
lations. This generalized DH (GDH) theory provides a universal limiting law for the 
correlation length of the density fluctuations, which, as 0, diverge as 
Universal means that the expression is independent from model-specific quantities 
such as the diameter cr. The correctness of this universal limiting law was confirmed 
by explicit consideration of the cluster expansion of h^r) [97]. 

The charge-charge correlation function hoif) has to satisfy the rigorous the Still- 
inger-Lovett (SL) second-moment condition [13] 

p \h^(r) dr = -lAn ! . 



(34) 
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Simple DH theory describes charge fluctuations via the well-known screening 
decay as exp(-^)/r which violates the SL condition. Moreover, there is an old ar- 
gument by Kirkwood [98] that at high ion densities the monotonous decay of the 
charge-charge correlation function should turn over into an oscillatory behavior, as 
observed for molten salts. The GDH result for charge fluctuations [99] satisfies the 
SL condition, and predicts indeed a transition line in the plane to oscillating 
behavior. This transition line passes close to the critical regime and forms a possible 
scenario for a tricritical point in ionic fluids. 

The classical approach to fluctuations in mean-field theory is the gradient theory, 
often termed after Landau and Ginzburg or Cahn and Hilliard, but actually going 
back to the van der Waals theory of surface tension [100]. Gradient theory is the 
starting point of the renormalization group (RG) analysis of critical phenomena and 
of crossover theories [72]. By definition, mean-field theories presume constant com- 
position in a fluid if volumes much larger than the molecular size are compared. 
Near criticality or near phase boundaries this presumption cannot hold. In Landau- 
Ginzburg theory it is assumed that the free energy density is a local variable deter- 
mined by the local composition, which itself is determined by a probability function 
constructed from the Boltzmanp factor involving the local free energy density [101]. 

For the global density at criticality, the local free energy density can be 
written as an expansion in powers of the density deviations p{v) = (/7 ! p^—V) 
from this composition plus the corresponding gradients. Considering the critical 
composition and keeping the leading terms only, one gets 

= (35) 

The star on the gradient indicates that the coordinates are scaled by the particle 
diameter cr, and index “g” denotes quantities related to the gradient terms. The sys- 
tem-dependent coefficients C 2 and C 4 are just the second and fourth derivatives of the 
free energy density, respectively. Quite generally, For the critical iso- 

chore, variation of O yields an exponential decay of density fluctuations determined 
by the mean field correlation length 

(36) 



where / c\ . Similarly, for r < 0 the coexistence curve is given by 






/ „\'/2 



V y 



. 1/2 



Finally, the temperature independent amplitude of the susceptibility is 



(37) 

(38) 



Whenever an appropriate mean field theory is available, it seems straightforward 
to work out the coefficients ci and C 4 . By functional differentiation, it can be shown 
that C 2 g is the second moment of the direct correlation function [ 102 ]. 



■' 2 « 



= c(r*)A7ir'^dr' . 



(39) 
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However, there are subtle problems concerning the direct correlation function 
c(r*), for which several approximations are available. First, in van der Waals theory 
c(r*) is equal to —P(f>\r ) outside the excluded volume and equal to -1 inside. A 
straightforward generalization of the van der Waals approach is then [103] 

c{r') = -\g(,r)(f>ir)dp, (40) 

which corresponds to the method by which the free energy is calculated from an 
ansatz for the energy by thermodynamic integration. The flaw in this approach is 
that g(r*) is largely density dependent and the particular variation of the density 
should be considered in working out the integral (40). Note that in van der Waals 
type approaches, which always lack thermodynamic consistency, c{r) is usually not 
part of the theory. 

A second approach employs a reformulation of the direct correlation function in 
terms of the total correlation function h{r ), which is derived from graph theory 
[104]. The leading terms are 

c{r) = -p-<f>{r) + ]^h{rf-¥... (41) 

For the RPM, the first term cancels, and the second is dominant. In principle, 
c(r ) defined in this way may also vary locally. 

Third, one may also calculate C 2 g by working backward from the Laplace trans- 
formation of the pair correlation function, as done by Lee and Fisher [96] for the 
pair correlation function of their generalized Debye-Huckel theory. 



4.6 CROSSOVER CRITERIA 



The Landau-Ginzburg expansion (35) applies, however, only in a range where 
the fluctuations are sufficiently small. The so-called Ginzburg temperature 
approximately marks the end of the classical regime on approaching the critical 
point along the critical isochore. There are several ways of defining such a Ginzburg 
temperature [68], e.g. by requiring that in c/ dimensions [103] 




> 



*d 

^0 > 



(42) 



. / V 2 

where Tq \^C 2 ) is the volume required to allow the density fluctuations 

to be described by means of Gaussian statistics. Therefore, Landau theory applies, if 



AT > 



d ’ 

Z, C2 



For d=3'WQ get 



at = ^ 

64-c“.c,; 



(43) 



(44) 



The numerical factor is to some degree arbitrary; various values have been used 
in the literature [72]. Note that Eqn. (44) can be reformulated in terms of amplitudes 
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appearing in the scaling laws of the critical phenomena. Also, in view of the condi- 
tion defining the Ginzburg temperature one can define a short-range parameter 



= 




(45) 



SO that the criterion can be written in different equivalent ways 






^0 ^_L 

64 









4 * 



(46) 



It is quite tricky that the predictions for the Ginzburg temperature depend sensi- 
tively on the approach by which cig is calculated. 

Considering now results from DH theory, Eqn. (40) leads to a very small 
Ginzburg number [103], apparently confirming rapid crossover found in some ex- 
periments. However, the GDH theory leads to a Ginzburg number, which is large, 
even if compared to values for ordinary non-ionic fluids [96]. By accounting for the 
density dependence of the pair correlation function in Eqn. (40), a large Ginzburg 
number is found as well [105]. Large values are also found with Eqn. (41), which, 
based on a cluster expansion [104], is rated to be superior if compared to Eqn.(40). 
A further argument in favor of a large Ginzburg number is founded in thermody- 
namic consistency. The susceptibility derived from the free energy density agrees 
with that obtained by integrating the direct correlation function given by Eqn. (41) 
[105]. Note, in non-ionic and non-polar fluids, Eqns. (40) and (41) become equiva- 
lent because p^r) dominates, which vanishes in the ionic and polar fluids. 

The experiments yield indications of a crossover in the region of, « .01 
[43]. This figure is neither very small, of order lO'^ say, as resulting from the 
straightforward use of Eqn. (40), nor large, of the order of unity say, as estimated 
from the GDH theory and by using Eqn. (41). 



4.7 MODELS THAT PREDICT A TRICRITICAL POINT 



The Ginzburg analysis just described does not provide an explanation for the ob- 
servations of crossover and mean field behavior in ionic systems. At present, the 
search for a solution to this problem is focused on the possibility of a tricritical 
point, which in three-dimensional systems is mean-field like [68]. Generally, a tric- 
ritical point is defined (a) as the critical point, where three phases become identical. 
Alternatively a tricritical point can be defined (b) as the point where a second order 
X- line of an order transition becomes first order or (c) as the point, where a X- line 
cuts a first order coexistence curve at their critical point. Regarding the inaccessible 
two-phase region as an area in an appropriate phase diagram, the definitions (b) and 
(c), which are relevant for the ionic fluids, can be regarded as special cases of (a). In 
fact, there are quite a few theoretical arguments, which suggest coupling of the criti- 
cal fluctuations to some real or virtual tricritical point in ionic fluids. Notably, there 
are models closely related to the RPM that have indeed a tricritical point. 

In particular, as first demonstrated by Dickmann and Stell [106], the lattice ana- 
logue of the RPM, which is the Coulomb gas with cations and anions on lattice sites 
interacting by Coulombic interactions, has no liquid-gas critical point but a tricritical 
point. This is quite unexpected, because for uncharged fluids the nature of the criti- 
cal point is unchanged when considering a lattice model and the related continuum 
model. In fact, much of our knowledge about phase transitions of fluids comes from 
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investigations of the Ising lattice model. Dickmann and Stell considered a lattice- 
based version of the RPM with a ratio ^ = 1 of the ion size to the lattice unit cell 
dimension of unity, so that each charge just occupies one lattice site. This model 
yielded a first-order transition coexistence between a disordered and an antiferro- 
electrically ordered phase terminating at a tricritical point. Above the tricritical 
point, a line of second-order transitions between a disordered and antiferroelectric 
phase was predicted. Thus, there is a tricritical rather than critical point, and there is 
no liquid-vapor transition 

Kobelev et al. [107] were able to solve the lattice version of the DH theory and 
its refinement due to Fisher and Levin (FL). They derived closed form expressions 
for the free energy for a <i-dimensional ionic lattice system. The predicted critical 
temperatures for cubic lattices lie about 60% above that given by the continuum 
theories. However, allowing for sublattice ordering, a second order X,-line is found, 
which terminates at a tricritical point at a reduced temperature 7^=0.38 and /t*= 0.36 
for the simple cubic lattice. In accord with the treatment of Dickmann and Stell the 
theory predicts suppression of the liquid-gas transition and criticality by the order- 
disorder transitions at higher temperatures. However, in an anisotropic lattice ob- 
tained by stretching a cubic lattice in one direction, the low-density gas-liquid phase 
separation reappears and the phase diagram exhibits critical, tricritical and triple 
points [108]. 

Obviously, the criticality of the ionic fluids is quite different from that of the lat- 
tice. Therefore, the question arises, if tricriticality proven for the RPM lattice may be 
of any relevance for real ionic fluids and their continuum models. Panagiotopoulos 
and Kumar [53] performed MC simulations for several integer ratios 1 < ^< 5. For ^ 
= 1 the results of simulations and the analytical lattice calculations essentially agree. 
The tricritical point is located at 7^ = 0.15 and p* = 0.48. Considering larger figures 
for 4^, the tricritical point was shifted to very high density, and ordinary liquid-vapor 
critical points were observed. Already at 4 the critical parameters of the lattice 
and continuum RPM agreed closely. The simulations show that the order-disorder 
transition is vanishing, when the grid of the lattice becomes smaller than the diame- 
ter of the particles by one order of magnitude. 

Simulations, which check the hypothesis of order transitions in ionic fluids, are 
not available. The GDH theory of Lee and Fisher predicts an order-transition be- 
tween the isotropic fluid and a phase with periodic charge density waves [96,97]. 
The corresponding transition line cuts the liquid-liquid line near their critical point, 
so that a tricritical point is a possibility. The possible presence of both gas-liquid and 
tricritical points in ionic fluids has been predicted by Ciach and Stell [109,1 10] for a 
model, in which additional short-range forces supplement the lattice Coulomb 
forces. 

Furthermore, the 2d RPM also yields a tricritical point, which, however, has a 
different physical basis [36,111]. Here tricriticality is founded in the insulator- 
conductor transition, which changes fi*om 2nd. order to first order. Notably, in real 
ionic solutions the conductivity shows two points of inflection one at low densities, 
which corresponds to the conductor insulator transition in 2d^ and one near the criti- 
cality. Although accompanied by a maximum of the specific heat [63], those 
changes of the conductivity are soft transitions determined by the mass action law 
and not cooperative ^.-transitions, required to allow for a tricritical point [25]. 

Concluding we state, while different theoretical arguments suggest a possibility 
of a tricritical point in ionic systems, experimentally so far no clear evidence was 
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found. The observations of mean field behavior or crossover in a near-critical region 
remain puzzling. 



5. SUMMARY 

Two properties render electrolyte theories difficult, namely the long-range nature 
of the Coulomb interactions and the high figures of the Coulomb energy at small ion 
separations. 

In solvents of low dielectric constant, where the Coulomb interactions are par- 
ticularly strong, electrical conductance and dielectric spectra suggest that the ion 
distribution involves dipolar ion pairs, which then interact with the free ions and 
with other dipolar pairs. The ion pairs cause an increase of the dielectric constant, 
which in turn stabilizes the free ions, thus leading to redissociation at high salt con- 
centrations. Extending the approach of Debye-Huckel and Bjerrum, theory accounts 
for ion pairing, ion - ion pair and ion pair - ion pair interactions and rationalizes the 
basic features of the ion distribution in accordance with experiments and MC- 
simulations. 

It also predicts a fluid-phase transition at low reduced temperatures, which is in 
close agreement with simulation results and also agrees, using corresponding states 
considerations, with the experimentally observed liquid-liquid phase transitions. 
Nevertheless, a systematic variation of the reduced critical temperature with the di- 
electric constant of the solvent indicates some limitations of the analogy of the liq- 
uid-liquid transition in ionic solutions to the liquid-gas transition of the RPM. 

The long-range nature of the Coulomb potential driving these transitions raises 
questions concerning their universality class. MC-simulations of the RPM involving 
finite size scaling techniques are at least consistent with Ising criticality. The over- 
whelming majority of experiments also suggest that the liquid-liquid phase transition 
in ionic solutions belongs to the Ising universality class. Experiments, which sup- 
ported the expectation of mean field criticality, could not be reproduced in later 
work. However, there remains a puzzling observation of crossover to mean-field 
behavior rather close to the critical point, which is not understood. Different theories 
suggest a crossover scenario, which involves a tricritical point. However, the deci- 
sive experiments proving e.g. the hypothesis of charge density waves are not avail- 
able. 
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